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Chapter 1

Introduction

1.1 Motivation

The following thesis concerns the study of various rough walls and their im-
pact on the structure of a two-dimensional turbulent boundary layer. Mea-
surements of mean velocities, Reynolds stresses, and triple products allow for
a detailed description of the flow over these rough walls. This study is unique
in that it encompasses a relatively large variety of wall geometries, allowing
for an examination of the relationships between the structure of the turbu-
lent boundary layer and various parameters associated with the geometry of
the rough wall.

This research is part of a larger effort (George and Simpson, 2000, 2004;
Bennington, 2004) to understand the physics of the flow over rough walls and
develop a deterministic model for rough wall turbulent boundary layers. The
variety of cases studied in the present research contribute to the database
necessary to fulfill this ultimate objective. The rough wall data presented
here will also provide valuable test cases to evaluate turbulent models associ-
ated with boundary layer calculations. The remainder of this chapter serves
as a brief review of previous research done that is relevant to the results
presented in this thesis.



1.2 Rough Wall Turbulent Boundary Layers

To at least as far back as Hagen (1854) and Darcy (1857), researchers have
been interested in the effects of roughness on the structure of the bound-
ary layer. An understanding of the mechanisms governing rough wall flow
is essential to the analysis of a variety of situations, including ship hulls,
pipes, and vegetation. Reviews by Raupach et al. (1991) and Jimenez (2004)
provide an overview of the field.

Much focus has been placed on the study of the effects of two-dimensional
roughness and mesh roughness, for example Perry et al. (1987) and Krogstad
and Antonia (1999). However, many real-world situations are better de-
scribed by distributed three-dimensional roughness elements, of which fewer
studies have been done. A notable early study of three-dimensional rough-
ness was that of Koloseus and Davidian (1966) which studied the flow over
arrays of cubes.

In many roughness studies conducted, hot wire anemometry (HWA) is
used to take measurements, and the resulting data sets are subject to the
shortcomings of that method. HWA is inaccurate near a solid surface, so
few studies have results near or below the height of the roughness element
(Raupach et al., 1980; Perry et al., 1987). Studies that do contain data
below the roughness height are largely measurements taken on actual or
model vegetation, such as Raupach (1979).

George and Simpson (George and Simpson, 2000, 2004) conducted sys-
tematic studies of three-dimensional roughness elements, both isolated and
distributed, in two- and three-dimensional boundary layers. This work was
conducted using a fine-resolution three-dimensional Laser Doppler Velocime-
ter, allowing the measurement of all mean velocities, Reynolds stresses, and
triple products throughout the boundary layer, including below the height
of the roughness elements.
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1.3 The Law of the Wall for Rough Walls

Derived by asymptotic matching, it is well accepted that the law of the wall
over a smooth surface is of the form

U 11 YU- _ C (1.1)

U, K~ V

The effect of roughness on the law of the wall is to produce a shift AU/uT of
the velocity profile

U = llnYU___ + C - AU (1.2)
?U, K• V U,

This effect was first observed by Nikuradse (1933) in studies of sand rough-
ened pipes. Prandtl and Schlichting (1934) proposed that the amount of the
shift was related to the roughness Reynolds number, based on the sand grain
height, k,

ksu= (1.3)

Prandtl and Schlichting (1934) defined three regimes based on the roughness
Reynolds number and proposed limits on k+ for these regimes as follows;
hydraulically smooth surfaces (k+ < 4) have no effect on the flow field,
while over transitionally rough surfaces (4 < k+ < 60) the roughness effect is
dependent on viscosity. Finally, in fully rough flows (k+ > 60), the roughness
effect is entirely due to the form drag on the elements and independent of
viscosity. Thus, in this regime, the roughness effect AU/uT is independent of
Reynolds number and considered constant. The bounds on k+ are dependent
on the type of roughness being studied, and subsequent authors have offered
differing limits on the three regimes.

Schlichting (1936) measured the shift AU/uT over surfaces roughened by
cones, spheres, and other geometric shapes. These data clearly showed that
the geometry and spacing of these elements had an effect on the size of this
shift.

1.4 Effects of Spacing and Geometry

From a study of two-dimensional roughness, Morris (1955) proposed that
a roughness element's effect on the boundary layer is primarily due to the

3



element's downstream wake. Thus, the cumulative effect of a rough wall
results from the interaction of the wakes of the various roughness elements.
This concept led Morris to define three types of flow based on the roughness
index AM = k/L, where k is the element height and L is longitudinal element
spacing. For a wide spacing, the roughness elements are considered isolated,
in which case the wake from one element has completely dissipated before
the flow encounters the next. In interference flow, the elements are close
enough such that the flow conditions at any element are affected by the wake
and vorticity of the upstream element(s). Over the entire rough surface, flow
near the wall is characterized by high turbulent mixing and vorticity. For
a closer spacing of elements, a skimming flow develops, in which isolated,
stable vortices develop between the roughness, and the main flow essentially
"skims" the crests of the elements.

Subsequent authors built upon and refined the concept of a using a spac-
ing or geometry parameter (usually denoted as "A") to characterize a rough
wall flow. This parameter is then correlated empirically to a function f(A) to
predict the roughness effect. Betterman (1966) produced a correlation based
on A•M as defined by Morris. The experimental data used by Betterman was
limited to two-dimensional square bars. Dvorak (1969) defined a slightly
different AD = s/L, where s is the streamwise dimension of the roughness
element. Dvorak used a slightly broader range of experimental data, and pro-
duced two correlations, for dense and sparse roughness densities. Simpson
(1973) used an expanded data set and defined A as

AsA= AAF- (1.4)

where AF is the frontal area of the elements normal to the flow and As is the
total wall surface area. Note that in the case of two-dimensional elements,
Simpson's A is equivalent to that of Morris (1955) and Betterman (1966).

Wooding et al. (1973) developed a drag law for arrays of roughness ele-
ments, utilizing a large and varied group of experimental data sets. No flow
dependent variables are used, so the drag is expressed as strictly a function of
roughness spacing and geometry, and boundary layer thickness. An element
"shape factor", defined as the ratio of element height to thickness, is incorpo-
rated, which is a more detailed description of the individual element geometry
than is used in the above mentioned studies. The drag law is valid strictly for
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three-dimensional roughness elements, and the authors noted that the flow
over two-dimensional bars is a fundamentally different case. Dirling (1973)
and Waigh and Kind (1998) incorporated "bluntness," defined as the ratio of
upstream-facing wetted area to upstream-facing frontal area, to characterize
the element geometry in their correlations of the roughness effect.

George (2005) evaluated various roughness density correlations, and con-
cluded that the correlation of Dvorak (1969) using A as defined by Simpson
(1973), produced the best agreement with experimental results, despite the
added detail of later correlations.

1.5 Roughness and the Law of the Wake

Coles (1956) developed the Law of the Wake, which expressed the velocity
profile in the outer region of the boundary layer as a function added to the
logarithmic overlap region,

U =lln(L) +C + -W(-) (1.5)

UT K~ V 6

The wake parameter H has a smooth wall value of approximately 0.52 (Fern-
holz and Finley, 1996) for zero pressure gradient boundary layers. Typically,
the rough wall value for H is similar to the smooth wall value (as in Hama,
1955). Some literature has indicated widely varied values for H, however. In
a review, Tani (1987) analyzed several data sets and obtained values of 1H
ranging from 0 to 1 for k-type roughness, and a smaller range (0.6-0.8) for
d-type surfaces.

Jimenez (2004) attributes the large range of values associated with k-type
roughness obtained by Tani to the relatively large ratio of k/6. When the
height of the roughness elements is small compared with the boundary layer
thickness, the roughness has little direct effect on the flow away from the wall.
However, as noted by Simpson (1973), if k/5 is large, the vortices produced
by the roughness elements may have an effect throughout the boundary layer.
A large k/6 ratio produces a weak logarithmic layer, making the definition
of HI difficult (Jimenez, 2004).
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1.6 Displacement Height

There is some ambiguity in the definition of the origin of the vertical coordi-
nate y, since the presence of roughness elements displaces the flow streamlines
away from the wall. This effect is accounted for by placing the origin a dis-
tance E from the wall, referred to as the displacement height. Many authors
have developed schemes for estimating or calculating this quantity.

Some, such as Schlichting (1936), took the displacement height to be
merely the thickness added to the wall if the volume of the roughness el-
ements was evenly distributed to form a smooth wall. This method is in-
adequate in that it does not account for the configuration of the roughness
elements nor their actual effect on the flow. As noted by Coleman et al.
(1984), Schlichting's displacement height, though logical, is unrelated to any
characteristic of the rough wall velocity profile.

Thom (1971) proposed that the displacement height is the location at
which the mean drag force appears to act. This was later verified by Jackson
(1981), who also showed that displacement height corresponded to the height
at which the wall shear stress appears to act. Determination of the displace-
ment height could be accomplished through the calculation of the centroid
of the drag profile.

1.7 Transitional Roughness

Koloseus et al. (1962) explained that even for roughness elements that are
large in height compared to the viscous sublayer, the flow may still be transi-
tionally rough when the elements are spaced far enough apart. If the smooth
surface is sufficiently exposed, viscous effects become significant in addition
to the form drag on the elements. The results of Chen and Roberson (1974)
provide an example of this; in an experiment involving distributed hemi-
spherical elements, flows with a Reynolds number of k+ < 200 were still
in the transitional regime. This is well above the previously cited limits
of Prandtl and Schlichting (1934), due to the fact that those experiments
were performed over closely packed sand grains, in which the flow regime is
dependent solely on element height.
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Typically, researchers have avoided transitionally rough flows, due to the
fact that is difficult to analyze the dependence of AU/uT on Reynolds num-
ber. Colebrook (1939) collected data on transitionally rough industrial pipes
and produced a correlation between AU/Ur and the fully rough equivalent
sand roughness Reynolds number. This correlation was subsequently used to
generate the Moody chart (Moody, 1944) for skin friction. However, as noted
by Bradshaw (2000), this industrial roughness is polydisperse and therefore
produces different results than the more regular roughness commonly studied
in laboratory experiments.

1.8 Overview of Thesis

Chapter two of this thesis describes the experimental apparatus and setup,
including the wind tunnel, LDV system, test articles, and data processing.
Chapter three provides a description of the results, including the presenta-
tion and detailed discussion of the mean velocities, Reynolds stresses, triple
products, and other quantities derived from these data. Chapter four con-
tains an overview of the flow around the roughness elements, based upon the
observations of the previous chapter, and discusses trends in mean velocity
profile parameters as functions of roughness geometry. In the fifth chapter,
a summary and conclusions will be presented, closing with recommendations
for future research.

Several appendices follow the main body of the thesis. Appendix A will
present a complete set of plots of all data, as some plots are not included in
the main body of the thesis . Appendix B provides an analysis of the uncer-
tainties of measured and derived quantities. Appendix C provides the details
of a wind tunnel seeding study conducted separately from this research.
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Chapter 2

Apparatus and Instrumentation

2.1 Small Boundary Layer Wind Tunnel

All experiments were conducted in the Virginia Tech Small Boundary Layer
Wind Tunnel, shown in Figures 2.1 and 2.2. Bennington (2004) has a detailed
description of the tunnel and its various components.

2.1.1 Tunnel Overview

The wind tunnel is a closed return wind tunnel which is driven by a 7.5
horsepower centrifugal blower. Flow variations introduced by the blower are
damped by a plenum chamber which contains a baffle plate. After exiting
the plenum, the flow enters the first of two contractions which reduces in
cross section from 53 x 53 cm to 38 x 23 cm over a distance of 46 cm. This
contraction leads to a honeycomb section and then a series of three screens,
reducing the turbulence level in the flow. The second contraction reduces
from 41 x 24 cm to 10 x 24 cm.

The flow passes from the second contraction into the test section, which
approximately 200 cm long and 24 cm wide. The height of the plexiglass
ceiling is adjustable through the use of five support struts distributed along
the length of the test section. These adjustments allow for the maintenance
of a zero streamwise pressure gradient. The ceiling has twenty-four holes with
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Figure 2.1: Virginia Tech Small Boundary Layer Wind Tunnel
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Figure 2.2: Schematic of wind tunnel. Ref. Bennington (2004)
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plugs distributed along its centerline. These holes allow for probe access in
order to measure the pressure gradient and free-stream velocity.

At the beginning of the test section is a trip arrangement designed to
force transition to turbulent flow and artificially thicken the boundary layer.
This arrangement consists of an initial 0.32 cm square bar, followed by a
second 0.32 cm square bar located 5.40 cm downstream of the first. The
floor of the test section for a length of 40 cm downstream of the second bar,
as well as the area between the two bars, is covered in 20 grit silicon carbide
sandpaper.

An optical float glass disc which is inset in the floor of the test section
provides access for LDV measurements. The center of this disc is located at
a distance of 116.7 cm from the beginning of the test section.

After a short diffuser section at the back of the tunnel, the flow enters
the 77.5 cm diameter return ducting. As seen in Figures 2.1 and 2.2, the
tunnel is in a vertical return configuration due to space considerations. An
air conditioner maintains the test section temperature at 250C ± 1°C. The
flow passes through a butterfly valve used to control the flow speed and a
filter box which removes any debris before entering the blower.

2.1.2 Flow Conditions

For the purposes of these experiments, tunnel conditions were nominally a
zero pressure gradient with a 27.5 m/s free-stream velocity at 25°C. As
mentioned previously, there are 24 ports along the length of the wind tun-
nel ceiling through which dynamic pressure is measured in order to set the
free-stream velocity and verify that there is a zero pressure gradient. Mea-
surements were taken with a Pitot-static probe and a liquid manometer to
ensure that at each port, the free-stream velocity U, = 27.5m/s. Measure-
ments were taken every 13-15 cm at the ports along the length of the test
section ceiling, and the free-stream velocity was set within the measurement
uncertainty of +0.02 inches. This results in an uncertainty in the freestream
velocity of approximately +0.1 m/s. Temperature is monitored by a digital
thermometer inside the test section.

Data taken by Bennington (2004) in the Small Boundary Layer Wind
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Figure 2.3: Spanwise traverse of wind tunnel test section at mid-height. Ref.
Bennington (2004)

Tunnel shows the region of constant velocity in the test section. Figure
2.3 shows the results of a spanwise Pitot-static probe traverse at the mid-
height of the test section. The data of Bennington were taken in the same
streamwise region where data was taken for this study. A constant velocity
region of approximately 12 cm wide is visible (note that in these data the
free-stream was not set at the typical value of 27.5 m/s). All roughness
measurements taken in the present research occur well within this region so
as not to be affected by the test section walls and associated boundary layers.

Figure 2.4 shows several smooth wall LDV profiles taken in the Small
Boundary Layer Wind Tunnel, compared with direct numerical simulations
(DNS) of Spalart (1988). The discrepancies between the DNS and experi-
mental data away from the wall are due to widely differing Reynolds num-
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bers. These LDV profiles were taken in the center of the tunnel, 116.7 cm
downstream of the contraction, as well as 2.26 cm to either side of the tun-
nel centerline. The similarity of these profiles (within 5%) show the two-
dimensionality of the flow in the region where data is taken.

2.1.3 Seeding System

The seed material for the LDV measurements is di-octyl phthalate (DOP),
which is atomized by a Laskin nozzle aerosol generator. The mean particle
size is 0.7 pm, with a geometric standard deviation of about 22%, as measured
by a TSI Aerodynamic Particle Sizer. The aerosol generator is operated at
approximately 11 psi, which provides a sufficient data rate. The seed material
leaves the generator and travels through a hose to where it is injected into
the plenum chamber of the wind tunnel (see Figure 2.2, item #6).

2.2 LDV System

With a few exceptions to be discussed in a later section, all measurements
in this research were taken with a three-component fiber optic laser doppler
velocimeter (LDV). The system consists of an optical table upon which the
measurement laser beams are generated from the source laser, a probe head
which focuses the beams into a measurement volume and collects the scat-
tered light. Photomultiplier (PM) tubes convert this collected light to an
electrical signal, which is then amplified and conditioned. Data acquisition
is accomplished by a PC-based system which makes use of Frequency Domain
Processors as analog triggering devices.

2.2.1 Optical Table

The optical table and associated components are shown in Figures 2.5 and
2.6. The laser used in this system is a Coherent Innova-90 argon-ion laser.
The emitted beam is divided into its constituent colors by a set of two prisms.
A polarization rotator located before the prisms optimizes the light polariza-
tion so as to lose as little spurious light as possible from the prisms. Only
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the two strongest color beams, the 514.5 nm green and 488 nm blue beams,
are utilized. The green beam passes through a polarization rotator and a
beam splitter cube, producing two beams. One green beam passes through
a 50 MHz Bragg cell, and the other through a 27 MHz Bragg cell. Of the
four resulting beams (two unshifted beams, one 27 MHz shifted beam, and
one 50 MHz shifted beam), one unshifted beam is not utilized. The other
three beams are launched into polarization-preserving, single-mode fiber op-
tic cables by fiber couplers. The blue beam goes through a 40 MHz Bragg
cell and both resulting beams are launched into fiber optic cables. For an
explanation of the use of frequency shifted beams to eliminate velocity am-
biguity, see Absil (1995). The fiber optic cables transmit the laser beams to
the LDV probe head.

2.2.2 Probe Head

The LDV probe head is shown in Figures 2.7 and 2.8. The probe head con-
sists of two transmitting assemblies, oriented at 90 degrees to each other, and
a central receiving assembly. The three green beams emit from one trans-
mitting assembly and are crossed via transmitting lenses to form two sets
of fringes. The third set of fringes is formed by the blue beams from the
second transmitting assembly. These five beams, and associated three mea-
surement volumes, are aligned using the adjustments on the probe head. For
a description of alignment technique, see Chesnakas (1995) and Tang (2004).
This measurement volume is calculated to be of approximately 50 pm in di-
ameter with fringe spacing of 5 pnm, based on calculations presented in Durst
et al. (1981) and Durst et al. (1995). This focusing point, or measurement
volume, also coincides with the focus of the receiving optics, which collects
the side-scattered laser light and focuses onto a multi-mode fiber optic cable.

2.2.3 Signal Conditioning & Data Acquisition System

The multi-mode fiber optic cable transmits the collected light to the photo-
multiplier (PM) tubes. A dichroic filter separates the blue and green light
signals, which then pass to two Electron Tubes Limited PM tubes, models
9124B and 9125B, respectively. Via the photoelectric effect, the photocath-
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Figure 2.5: Photograph of the LDV optical table
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Figure 2.8: LDV probe head while taking data
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ode which forms the face of the PM tube emits electrons in proportion to
the collected photons. This resulting current is amplified by a dynode chain,
also contained within the photomultiplier unit. The signal produced by the
PM tube must be conditioned before data can be acquired.

The green signal is split, so that the signals corresponding to the 50
MHz and 27 MHz Bragg-shifted beams can be processed separately. These
two signals, along with the signal resulting from the blue PM tube, are
each amplified by two Mini-Circuits amplifiers. Signals from three radio
frequency (RF) generators are similarly amplified, and mixed with the three
data signals in order to place the resulting signal within the measurement
bandwidth. The RF generator settings are recorded at each data point for
later use in the data reduction. Three 7.75 MHz low-pass filters are used to
eliminate extraneous signal above the measurement bandwidth.

The three resulting, downmixed signals are sent to three Macrodyne
FDP3100 frequency domain processors (FDPs) which are used solely as ana-
log triggering devices. The coincidence window for a validated trigger is
set at 10 ps. The trigger levels are maintained such that the amount of
peak-to-peak validated triggers on each Macrodyne is 97% or greater.

The trigger signal is used in the operation of the PC-based data acquisi-
tion system, which was developed by Lowe (2005). The trigger signal from
the Macrodynes, along with the three signals corresponding to the three
beam pairs are connected to two National Instruments NI PCI-5112 data
acquisition cards contained in the data acquisition PC. Each NI PCI-5112
can sample 2 channels of data at 100 MS/s with 8 bit resolution and 16
MB of deep memory. The data acquisition software is written in LabView,
which easily integrates with the data acqusition cards. Six Ps of pre- and
post-trigger data are acquired, and a fast Fourier transform is performed on
the center ten ps. After validating the samples, the three measured frequen-
cies, along with the sample number and arrival time, are saved to a data
file. For each measurement location, 15,000 to 30,000 samples are acquired,
depending on the proximity to the tunnel floor and data rate.
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2.2.4 Data Processing

After data acquisition is complete, noise (mostly resulting from electronic
components) is eliminated, the velocity data in the probe co-ordinate system
are rotated to align with the wind tunnel coordinate system, and turbulence
quantities are calculated.

The noise reduction method is similar to that described in Olqmen and
Simpson (1995). At each data point, there are three histograms correspond-
ing to the three measured velocity components. The histograms are plotted
on a semilogarithmic vertical scale. A parabola is fit to the upper half of
the histogram (greater than the mean) from 80 percent of the histogram's
peak to its base. This procedure is done simultaneously for the lower half
of the histogram. Samples which fall outside of this parabolic "skirt" are
eliminated. A sample located outside this skirt on even one of its velocity
components is discounted entirely.

After this initial noise reduction, the data is rotated from the three mea-
sured velocity components (parallel to the cross-products of the crossed laser
beam pairs) to the wind tunnel coordinate system. This process is accom-
plished through the use of a rotation matrix determined by the manual mea-
surement of the laser beam angles.

Following this coordinate rotation, noise reduction is repeated using the
above described method. From these "clean" data, mean velocities, Reynolds
stresses, and triple products are calculated.

Because the LDV probe is not perfectly aligned with the tunnel coordinate
system, a final rotation is done. These rotation angles are determined by
rotating the data to find minimum iD and v-w values on smooth wall, two-
dimensional boundary layer profile data. After determining these rotation
values, the probe is not removed from its stand, so the same angles are used
for the rough wall data. These angles are less than 20.
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2.3 Outer layer LDV System

The three-component LDV system described above is designed for near-wall
measurements, which was the region of interest in the present research. Thus,
this system was generally adequate for the required measurements. However,
the three-component system could only measure to a distance of approxi-
mately 29.6 mm from the wall, which did not reach the free-stream. To com-
plete the mean streamwise velocity profile in the outer layer, a one-component
Laser Doppler Velocimeter was utilized.

This system, pictured in Figure 2.9, is part of a larger, "Comprehensive"
LDV system, whose details are beyond the scope of this document. For
a description, see Lowe (2005). It is sufficient for purposes here to state
that redundant measurements are taken of the same velocity component by
four beams, which form two overlapping measurement volumes. Using the
same PM tubes, signal conditioning, and data acquisition hardware described
above (in a two- rather than three-component configuration), 1,000-2,000
samples are taken of the streamwise velocity, from which the mean velocity
is calculated. About 10,000 samples are taken at the outermost point, in
the free-stream, for calibration purposes. Typically, only 3-4 outer points,
located beyond the data taken by the three-component system, are used to
complete the velocity profile.

By virtue of being a one-component system, the Outer Layer LDV is sub-
ject to biases resulting from high turbulence levels or velocity gradients. For
this reason, data was only taken with this system in the outermost region of
the boundary layer, where there are comparatively lower levels of turbulence
and small velocity gradients. The use of this data was limited in the following
analysis, and is noted where appropriate.

2.4 Traverse and Location of Wall

Both the three-component and outer layer LDV systems are mounted on the
same traverse system, which was designed by Lowe (2005). The traverse is
capable of motion along three axes, which are aligned parallel to the tunnel
coordinates. Motion in all three axes is motor-driven, and position can be
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Case # Element Shape Orientation Spacing (mm) Height (mm) V '-
1 Gaussian Straight 5.49 2.54 11.3
2 Gaussian Staggered 5.49 2.54 11.3
3 Gaussian Straight 8.23 2.54 25.5
4 Gaussian Staggered 8.23 2.54 25.5

5 Cylinder Straight 10.97 0.38 160
6 Cylinder Staggered 10.97 0.38 160
7 Cylinder Straight 10.97 0.76 80
8 Cylinder Staggered 10.97 0.76 80
9 Cylinder Straight 10.97 1.52 40

10 Cylinder Staggered 10.97 1.52 40

Table 2.1: Roughness fetch configurations

controlled either by a remote control or a LabView PC-based controller com-
municating via a serial port. Resolution in the two horizontal directions is
approximately 5 pm, while vertically, position can be determined to within
1 [Lm due to the presence of a linear encoder with a digital readout.

2.5 Roughness Fetches

Ten different rough wall configurations are discussed in this thesis, which
are summarized in Table 2.1. Included in Table 2.1 is the inverse of A, a
parameter combining various length scales as defined by Simpson (1973).
The parameter is the ratio of the element front area normal to the flow to
the total wall surface area (see Equation 1.4). For example, for a cylindrical
post element

A-' = (2.1)

where D is the the spacing between elements, k is the element height, and d
is the element diameter. The data for the first case were taken by Bennington
(2004) and described briefly in an appendix therein. The data for the nine
remaining cases were taken by this author.
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2.5.1 Description

The element shapes examined are Gaussian spikes and circular cylindrical
posts. The gaussian spikes have a height of 2.54 mm and a base diameter of
2.54 mam. The profile of the spike is defined by the equation

y = 2.54e-20.27z2 (2.2)

where y is the height and z is the element radius. Close up photographs of
the roughness fetches can be seen in Figure 2.10. The cylindrical posts all
have base diameters of 1.98 mm, but three different heights are studied: 0.38,
0.76, and 1.52 mm.

Two different spacings of Gaussian spike elements are considered. The
first is 5.49 mm between elements (D/d = 2.16), the second is a larger spacing
of 8.23 mm (D/d = 3.24). These fetches were installed in the wind tunnel
in two different arrangements, referred to as "straight" and "staggered." In
the straight case, the rows and columns of elements are oriented parallel and
perpendicular to the free-stream flow direction, while in the staggered case,
the rows and columns are oriented at 450 to the flow.

All fetches of cylindrical elements studied have a spacing of 10.97 mm
(D/d = 5.54). Each of the three heights is studied in both the straight and
staggered configurations.

The roughness fetches cover a length of the tunnel floor of approximately
95 cm, from the back of the sand paper mentioned in Section 2.1.1 to about
25 cm downstream of the measurement location. Figure 2.11 shows roughness
installed on the wind tunnel floor. The tunnel floor is covered in roughness
fetch with carbon fiber substrate (details will be included in section 2.5.2),
except; for the area of the floor occupied by the optical glass disc through
which measurements are made. In the case of the cylindrical elements, the
fetch has a cellophane tape substrate, and in the case of the Gaussian ele-
ments, there is a gauze substrate. A thin slot of gauze or cellophone is cut
away to allow optical access for the LDV measurements (see Figure 2.12).
These substrates are much thinner than the carbon fiber, so there less of a
"step" from the fetch to the surface of the glass to disrupt the near-wall flow.

For each roughness fetch configuration, a total of nine vertical LDV pro-
files are acquired. Example measurement locations are included in Figures
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Figure 2.10: Photographs of roughness fetches. Top row: 5.49 mm and
8.23 mm spaced Gaussian elements. Middle row: 0.38 mm and 0.76 mm
cylindrical elements. Bottom: 1.52 mm cylindrical elements.
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Figure 2.11: Roughness fetch installed in wind tunnel. The black area is
carbon-fiber substrate fetch, and the white area is gauze substrate over the
optical glass disc. Ref. Bennington (2004)
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Figure 2.12: LDV measurements being taken through slot in roughness. Ref.
Bennington (2004)
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Figure 2.13: Example measurement locations for a roughness fetch in a
straight configuration

2.13 (straight configuration) and 2.14 (staggered configuration). In each
case, three profiles are taken which are distributed in the streamwise direc-
tion between two elements. Four more profiles are taken in the spanwise
plane between two elements. The eighth profile is taken either 6 or 8 cells
downstream, in order to examine the streamnwise variation of the velocity
profile over a larger distance. The final profile is taken by the outer layer
LDV system to measure the flow beyond the range of the three-component
system.

The measurement location was approximately twenty boundary layer
thickness downstream of the end of the sand grain roughness (Section 2. 1. 1).
In order to help confirm that the boundary layer was fully developed at the
measurement location, a velocity profile was compared with the profile taken
6 or 8 cells downstream. The four or five outer points were compared and the
average percentage difference was determined. These differences can be seen
in Table 2.2. For most of the cases, the average difference was less than 5%.
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Figure 2.14: Example measurement locations for a roughness fetch in a stag-
gered configuration. The faded element signifies that it was removed to allow
access for measurements.
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Case # Configuration Average Percent Difference

1 Gaussian, 5.49 mm spacing, straight Not measured
2 Gaussian, 5.49 mm spacing, staggered 4.56
3 Gaussian, 8.23 mm spacing, straight 3.48
4 Gaussian, 8.23 mm spacing, staggered 7.05
5 0.38 mm cylinder, straight 1.47
6 0.38 mm cylinder, staggered 0.38
7 0.76 mm cylinder, straight 6.97
8 0.76 mm cylinder, staggered 2.97
9 1.52 mm cylinder, straight 1.50
10 1.52 mm cylinder, staggered 2.83

Table 2.2: Average Percent Difference in Upstream and Downstream Velocity
Profiles

In two cases, the average error was approximately 7%. This error is largest
at the measurement locations nearer to the wall, and may be due to either
spatial heterogeneity in the flow just above the element or the uncertainty in
the streamwise pressure gradient.

2.5.2 Construction

The roughness fetches consist of epoxy resin roughness elements formed by
a Teflon mold and mounted on a substrate.

The mold for the Gaussian elements is a 30.5 x 30.5 x 0.318 cm sheet of
Teflon, into which the Gaussian shape is drilled with an end mill cutter at
the desired spacing. 0.127 mm vent holes extend from the peak of the spike
the rest of the way through the sheet to allow air bubbles to escape during
the molding process.

The molds for the cylindrical posts are 30.5 x 30.5 mm Teflon sheets with
a thickness equal to the desired element height. Holes of 1.98 mm diameter
are drilled in the sheet at a spacing of 10.97 mm.

The fetches are constructed by first spreading a mixture of epoxy resin and
slow hardener over the substrate material. This substrate is generally carbon
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fiber, but thin gauze is used for the Gaussian fetch sections to be mounted
over the optical glass. In the case of the cylindrical post fetches, the optical
glass disc itself covered with cellophane tape is the substrate. Once the epoxy
mixture is evenly spread over the substrate, the appropriate mold is pressed
onto the epoxy-covered surface. Air bubbles are kneaded out from between
the mold and substrate. The mold and substrate are pressed between two
Plexiglass plates, and this entire assembly is placed in a bag which is then
subjected to a vacuum. After three hours, the epoxy is hardened and the
fetch is ready to be taken out of the vacuum bag. After removing the mold,
the substrate is left with the hardened roughness elements mounted upon it.
After being cut to the correct size, the fetch is attached to the tunnel floor
with rubber cement. Rubber cement is easy to work with, and its adhesive
properties are not adversely affected by the DOP seed material, as are some
tapes and glues.

2.5.3 Determination of Origin

The origin of the wind tunnel coordinate system is defined in the spanwise
and streamwise directions as the center of the element behind which mea-
surements are to be taken. For the purposes of measurement, the vertical
location of the origin is the surface of the glass. This will later be modified
by the displacement height, as discussed in Section 1.6.

To find the center of the roughness element, a low power red laser beam
is launched through the receiving fiber, so that a beam emits from the re-
ceiving optics. The traverse is moved so that the focus point of this beam
is on the roughness substrate surface. This point of light, visible through
the cellophane tape or gauze substrate, indicates the location of the probe
measurement volume.

In the case of the Gaussian spikes, this focal point is traversed back and
forth underneath the element in the spanwise direction. When the focal
point is located at the peak of the spike, as determined by eye, a spanwise
position reading is taken. This reading is repeated several times, and the
values are averaged to determine a spanwise location of the origin. A similar
process is performed, traversing upstream and downstream, to determine the
streamwise location of the origin.
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Since the cylindrical posts have no precise, easily visible center point,
the method for the determination of the origin is slightly different. The
focal point is traversed to obtain several readings the left extreme edge of
the element. These readings are averaged, and this is repeated to find the
extreme rightmost edge of the cylinder. The midpoint of these edges is where
the origin is located in the spanwise direction. Similarly, the streamwise
location of the origin is found based on the upstream and downstream edges
of the element.

Based on the scatter of the readings, the accuracy of finding the span-
wise and streamwise location of the origin with this method is approximately
±60pmn. This process is performed once for each fetch, when it is first in-
stalled, and all profile locations are based off this measurement.

The height of the glass is subject to slight variation, and the vertical
measurement location needs to be determined with more precision than the
horizontal location. Thus, the wall is "found" before each LDV profile is
acquired. When the measurement volume is located on the wall, a strong
signal is visible on a spectrum analyzer due to the flare of the laser beams
at the glass/air interface. Traversing vertically, it is possible to find the wall
location within +50pom.
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Chapter 3

Results

3.1 Determination of Priction Velocity

The near wall velocities and turbulence quantities scale on the fiction velocity,
u,, so it is important to obtain an accurate calculation of this value. The
following analysis describes the basis upon which u, was calculated in this
research.

To arrive at a method for calculating u,, a momentum balance is done
on a control volume located on the rough wall, shown in Figure 3. 1. The
numbers 1 through 5 represent the surfaces of the control volume, and sub-
scripted numbers in the following analysis refer to the value of the subscripted
quantity on that surface. The side surfaces (3 and 4) are defined to be at the
mid-plane between two rows of roughness elements. It can thus be assumed
that the mean strearnwise velocity U73,4 and the shear stresses -
at these surfaces. The top of the control volume, surface 5, is set at the
height where the shear stress UU-5 is constant among all of the LDV profiles
for a given roughness fetch configuration.

To begin, the integral form of the momentum equation is written for the
streamwise direction

ff h)dA fff dpd,7 - Fx (3.1)
dx

CV CV

33



5U, , I3r

0 0 0
4

I- I

I !I

0 bo0
Figure 3. 1: Control volume for calculation of u,. Side and top views are
shown, control volume surfaces are labeled 1-5.
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where i is a unit vector in the streamwise direction, hi is the unit vector
normal to the control volume, p is the density of the fluid, dA is a differential
area, da is a differential volume, and F, is a force acting in the streamwise
direction representing the action of friction on the control volume.

To treat the left hand side of Equation 3.1, Reynolds decomposition is
performed, and the expression is time averaged

p j(V h)(V idA = p [Jj(U,2 + uý) d A2 -J(U?2 + uW1) d A (3.2)CV 2

+ JJ(U5 V +
5

Over a short distance, the pressure gradient dp/dx is considered to be
constant. Thus, the first term on the right hand side of Equation 3.1 can be
expressed as

fffd/dP A dp

dox AxAyAz Vcv (3.3)
Jx d--x dxcv

Where Ax, Ay, and Az are the dimensions of the control volume, which has
a volume Vcv.

The final term of Equation 3.1 to be dealt with is the force Fx, the shear
force acting on the control volume due to the presence of the wall.

- = - Jf dxdz = -p U2.dxdz (3.4)

wall wall

where rw is the wall shear. Over short distances, friction velocity is assumed
to vary linearly in the streamwise direction. Thus, friction velocity at a
downstream location is expressed as

UT = UT,l + du, AX (3.5)

where u,,, is the value of the friction velocity at the upstream edge of the
control volume.
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Plugging this definition of u, into Equation 3.4, it is shown that

- F,1= Uf ( + 2u,, -A.X +(du ] Ax 2 dxdz

jif dx dxwall]

= -pAxAz [AX2 (du) 2 + uTld Ax + u2,1 (3.6)

Using Equations 3.2, 3.3, and 3.6, momentum Equation 3.1 can be rewrit-
ten

ff(U2 + 2)dA 2 - Jff(U2 + _212)dAi + ff (U5 V5 + ýW-)dA 5  (3.7)
2 1 5

- p [X A X 2 (du , ) 2  + u du ,A x + 21
p dx dx 'dx A

Several assumptions can be made to Equation 3.7 in order to simplify
the calculation of u,. First, the mean vertical velocity on the top surface of
the control volume is assumed to be negligible (V5 = 0). As the streamwise
dimension Ax becomes small, the streamwise gradient d is assumed to be
zero. By expanding U and u2 in a Taylor series, and using an order of
magnitude analysis, is can be seen that the shear stress uv5 balances the
friction velocity. That is,

Url = -5 (3.8)

Thus, the friction velocity is calculated directly from the value of the shear
stress in the constant stress layer in the logarithmic region of the boundary
layer. Table 3.1 shows the values of u, calculated with this method, along
with the normalized roughness height, k+ = ku,/v.
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Case # Configuration UT (m/s) J k+
1 Gaussian, 5.49 mm spacing, straight 1.43 217
2 Gaussian, 5.49 mm spacing, staggered 1.50 228
3 Gaussian, 8.23 mm spacing, straight 1.40 213
4 Gaussian, 8.23 mm spacing, staggered 1.29 197
5 0.38 mm cylinder, straight 1.04 24
6 0.38 mm cylinder, staggered 1.01 23
7 0.76 mm cylinder, straight 1.11 51
8 0.76 mm cylinder, staggered 1.17 54
9 1.52 mm cylinder, straight 1.27 116
10 1.52 mm cylinder, staggered 1.21 110

Table 3.1: u, and k+ values
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3.2 Mean Velocities

The flow structure over the six configurations of cylindrical post roughness
are very similar to one another, and the flow over the four Gaussian spike
arrangements are similar to each other. Thus, in order to streamline this
discussion, the complete set of data is not shown here. Rather, example
figures are chosen which best illustrate the behavior of the various quantities.
These example figures are meant to be representative of the roughness type
(cylindrical or Gaussian) as a whole. Refer to Appendix A for the complete
set of plots of the roughness data.

A comparison of the mean streamwise velocities for the various fetches is
shown in Figure 3.2. The profiles represent the average of the LDV profiles
taken for a given roughness configuration, along with the data taken by the
Outer Layer LDV system. The downward shift AU/uT of the rough wall
profiles from the smooth wall reference is apparent. As is expected, smaller
elements with a wider spacing produce a smaller shift than the larger elements
with tighter spacings. This effect and correlations predicting the roughness
effect will be discussed in depth in Chapter 4.
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Figure 3.2: Comparison of spatially averaged mean velocity profiles
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Representative plots of centerline mean velocities are shown for three
cases in Figure 3.3. The centerline refers data taken on the x-axis, the
streamwise line emanating from the center of a roughness element. The
normalized roughness height, k+ = kur/v, is represented by a vertical dashed
line. In each case, an area of near wall separation is evident from the negative
streamwise velocities seen in the profiles closest to the upstream roughness
element. The velocity is progressively higher in the two profiles located
farther downstream, as the flow recovers from the wake behind the element.
The larger elements exhibit a more pronounced backflow region, as evidenced
by the size and magnitude of the negative velocity region. Near the top of
the roughness element, the shielding effect of the roughness element from
the oncoming flow disappears, and a steep velocity gradient is visible. The
streamwise velocity profiles collapse between 1.4 and 2 roughness heights,
and above this point are approximately identical to each other.
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Figure 3.3: Example centerline streamwise mean velocities. Top left: 8.23
mm spacing, Gauss, straight (Case #3). Top right: 1.52 mm cylinder,
straight (Case #9). Bottom: 0.38 mm cylinder, straight (Case #5).

Figure 3.4 shows velocity profiles taken in the spanwise, vertical plane
between two rows of roughness elements, referred to as the mid-plane. Once
again, the shielding effect of the roughness element is evident. Below the
roughness height, the profiles located behind the element have lower velocities
than the profiles located farther to the side of the element. Fluid in the gaps
between roughness elements is faster flowing, and it feeds into the separated
flow regions behind the element. At the level of the roughness height, the
profiles to the sides of a roughness element do not experience the drastic
velocity gradient that the profiles behind the element do. It can be seen
again that the mean velocity profiles collapse approximately between 1.4
and 2 roughness heights.
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Figure 3.4: Example mid-plane streamwise mean velocities. Left: 8.23 mm
spacing, Gauss, straight (Case #3). Right: 1.52 mm cylinder, straight (Case
#9).

Figure 3.5 shows examples of the mean vertical velocity profiles on the
centerline. The Gaussian spike exhibits two negative peaks, one located
at approximately 25% of the roughness height, and the second at or near
the roughness height. The profile just downstream of the Gaussian element
(x/d = 1.06) has a small region of positive V+ at 60% of the roughness
height, indicating that there is an area of upward flow in the separation
region directly behind the element. In the data of ?, this effect can be seen
more clearly since profiles were taken closer to the upstream element. As will
be discussed later, this region of upward flow is associated with the ejection
of low-speed fluid away from the wall. This region of positive normal-to-wall
velocity does not appear in the profiles taken farther downstream.

Velocity data for the cylindrical element fetches shown in Figure 3.5 are
markedly different than that of the Gaussian elements. There is only one
maximum point of negative V+ velocity, located at approximately the rough-
ness height. The profiles nearest to the upstream element have the greatest
magnitude, as a result of the flow coming down over the top of the element.
The x/d = 1.63 profile shows a small upwash region directly behind the large
cylinder, at 20% of the element height. In the case of the small and medium
height cylinders, this region was probably smaller and closer to the element,
so it was not able to be measured and does not appear in that data.
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Figure 3.5: Example centerline vertical mean velocities. Top left: 8.23 mm
spacing, Gauss, straight (Case #3). Top right: 1.52 mm cylinder, straight
(Case #9). Bottom: 0.76 mm cylinder, staggered (Case #8).

The difference in the V velocity profiles between the cylindrical and
Gaussian elements is important to note. The cylindrical elements both show
large magnitude peaks near the element height, while the Gaussian elements
have multiple peaks, of comparatively smaller magnitude. Data presented
in following sections will exhibit similar behavior, indicating that the flow
around the cylinders is typified by turbulent mixing in a thin layer near the
element height, while the Gaussian spikes have activity over a broader region
that extends well below the element peaks.

Examples of mean spanwise velocity W+ are plotted for the mid-plane in
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Figure 3.6. In the Gaussian spike data, velocities are negative in the positive
z-direction, and vice versa, indicating that the flow is coming around the
element and in from the sides toward the centerline. Near the wall (; 20%
of the roughness height), the the profiles to either side of the centerline
(z/d = ±0.27) indicate mean velocities away from the centerline, while near
the roughness height, the mean velocity is toward the centerline.
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Figure 3.6: Example mid-plane spanwise mean velocities. Left: 5.49 mm
spacing, Gauss, staggered (Case #2). Right: 0.76 mm cylinder, straight
(Case #7).

Taken together, these observations of the mean velocities indicate there
is a low speed separation region behind the elements, whose size relates to
the size of the element. Higher speed fluid comes down over the top and
around the sides of the elements. The flow pattern below the roughness
height varies significantly with position, but above the roughness elements
the velocity profiles quickly collapse.
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3.3 Reynolds Stresses and Turbulent Kinetic
Energy

In subsequent sections, it will be seen that the highest levels of turbulence
occur in the vicinity of the element height, for both cylindrical and Gaussian
elements. This is due to the interface between the low momentum fluid near
the wall below the element height, and the relatively high speed fluid above
the elements. Accordingly, many turbulence quantities show either relatively
large positive or negative maxima near the element height. However, data for
the Gaussian roughness fetches often have additional large maxima or min-
ima below the roughness height, while the cylindrical fetches do not. This
distinction is attributed to the difference in the geometry of the two types of
elements. The flat top of the cylindrical element creates a thin region where
the majority of the turbulent mixing occurs. Profiles of turbulence quantities
around cylindrical elements display sharp, single peak values at the element
height. Gaussian elements, on the other hand, have a sharply peaked top,
and significant turbulence is present over a fairly broad region. There is no
sharp division between the fluid shielded by the elements, and the higher
speed fluid above the elements. Rather, the size of the region protected from
oncoming flow dwindles as the Gaussian element tapers to its peak. Profiles
of turbulence quantities for the Gaussian spikes have maxima at multiple ver-
tical locations, with lower magnitudes than those of the cylindrical elements.
Though the maximum turbulence still occurs at the peak of the Gaussian
element, significant turbulence also exists below the roughness height.

Reynolds stresses and turbulent kinetic energy (TKE) data demonstrate
that the area of greatest turbulence in a rough wall flow is at the height of
the roughness element. This is a region of intense mixing, where the higher
speed fluid from above the roughness comes into contact with the lower speed
fluid that is amongst the elements, and trapped in the low speed separations
directly behind the elements. Examination of the Reynolds normal stresses
shows that the -7/u' stress, which is predominant on a smooth wall, is
greatly reduced in the rough wall cases. The -Y/u2 and ý 2 /u2 stresses are
conversely much greater in the rough wall configuration. Reynolds stresses
reach their maximum magnitude near the roughness height, and are greatest
in the separation region directly behind a roughness element.
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Centerline plots of u-2/u2 Reynolds normal stresses are shown in Figure
3.7. The smooth wall profile exhibits a large peak near the wall, at a location
of y+ = 14. The presence of the roughness largely suppresses the u2/u• stress
near the wall, as seen in all four examples in Figure 3.7. The rough wall u'2/u

profiles reach their maxima at approximately 1 to 1.5 roughness heights. The
profiles located immediately downstream of the roughness element have the
largest magnitude of u2/u2, which decreases in subsequent profiles. Likewise,
plots of u2/u2 stress in the mid-plane show that profiles taken behind the
element exhibit higher magnitudes than those taken away from the centerline.
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Figure IT7 Example centerline u-2_/u2 normal stresses. Top left: 5.49 mm
spacing, Gauss, staggered (Case #2). Top right: 8.23 mm spacing, Gauss,
straight (Case #3). Bottom left: 0.76 mm. cylinder, staggered (Case #8).
Bottom right: 1.52 mm cylinder, straight (Case #9).

Examples Of -7/U2 and w2/u2 normal stresses can be seen in Figure 3.8.
Forthesmoth all -•u2and T•u are much smaller than -u stresses.
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By comparison, Figure 3.8 shows these stresses to be large for the rough wall.
Flow over the top and around the sides of an element bring in larger v and
w fluctuations as compared to u fluctuations. The peaks for the T2/u2 stress
occur typically at 0.9 to 1.5 roughness heights, while the maxima for - 2/u2
occur slightly lower, in the vicinity of 60% to 90% of the roughness height.
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Figure 3.8: Example centerline 7/ 2/u and O/ 2/u normal stresses. Top:

T 7'

8.23 mm spacing, Gauss, staggered (Case #4). Bottom: 0.38 mm cylinder,
straight (Case #5).

The mid-plane plots of 72/u2 and - 2 /u2 in Figure 3.9 show that the effect
of the roughness on these normal stresses is largely isolated to the region
directly behind the element. The profiles taken farther from the centerline
closely follow the smooth wall profile. Figure 3.9 also shows the collapse
of the normal stress profiles at approximately 2 to 4 roughness heights. In
the outer layer, the normalized rough wall profiles closely follow that of the
smooth wall profile.
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Figure 3.9: Example mid-plane 7/U2/ and -P/u2 normal stresses. Top:

8.23 mm spacing, Gauss, staggered (Case #4). Bottom: 0.38 mm cylinder,
straight (Case #5).

Several examples of the Reynolds shear stress -f-oruT are plotted in Figure
3.10. The plots for Gaussian elements, shown in the top two plots, have a
positive peak at half the roughness height, and a negative peak near theroughness height. When compared to the smooth wall profile, it can be seen
that there are lower shear stress levels near the wall, but higher levels at the
roughness height.

There is only one peak in the ••uv-2 shear stress for cylindrical roughness,
seen in the bottom two plots of Figure 3.10. The maximum shear stress
magnitude occurs near the roughness height. The magnitude of this peak

is much larger than the magnitude of the shear stresses on the Gaussian
roughness. This is due to the comparatively larger magnitude of the v2

47



stress, and the large velocity gradient OU/Oy, which leads to a larger -U-v
production rate, equal to v--'.
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Figure 3.10: Example centerline U-v/u2 shear stresses. Top left: 5.49 mm
spacing, Gauss, staggered (Case #2). Top right: 8.23 mm spacing, Gauss,
straight (Case #3). Bottom left: 0.38 mm cylinder, straight (Case #5).
Bottom left: 1.52 mm cylinder, staggered (Case #10).

The turbulent kinetic energy (TKE) is a function of the sum of the
Reynolds normal stresses,

I uT2 + v2 + w;2 1 qTKE= 2+ u+ =2 (3.9)

2 2 2 u2

Thus, the behavior of the rough wall TKE profiles echoes that of the normal
stress profiles. The TKE generally reaches its maximum in the vicinity of
the roughness height.
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Example mid-plane plots are shown in Figure 3.11. The TKE normalized
by u 2 is much greater than that of the smooth wall for profiles taken in or
near the separation region. However, profiles taken away from the separation
region have similar magnitudes of TKE as the smooth wall values.
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Figure 3.11: Example mid-plane TKE data. Left: 0.38 mm cylinders, straight
(Case #5). Right: 1.52 mm cylinder, straight (Case #9).

Element spacing has a significant effect on the magnitudes of Reynolds
stresses and TKE present in the flow. For a given element shape, the maxi-
mum magnitudes of these quantities are greater for a larger spacing. This is
supported both by comparing the data of this author and Bennington (2004)
taken on the 5.49 mm and 8.23 mm spaced Gaussian elements, as well as by
comparing the 10.97 mm spaced cylinder data of this author and the 5.49
mm spaced cylinder data of George (2005).

To analyze trends in turbulence quantities related to element spacing,
the maximum measured magnitude of a given quantity is compared with
the maximum corresponding to the same case at the larger spacing, and the
percent increase (or decrease) in that maximum is calculated.

The four cases involving the smaller, 0.38 mm and 0.76 mm, cylinders
show less of an increase in the maximum measured value of turbulence quan-
tities for increasing spacing than do the 1.52 mm cylindrical element fetches.
For the cases with smaller cylindrical elements (0.38 and 0.76 mm), there is
only a slight increase, less than 10%, in -u2/u2 with the increased spacing.
However, the 1.52 mm cases show a larger increase of approximately 40 %.
The 0.38 mm and 0.76 mm elements show an approximately 40% increase in
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?/u', while the 1.52 mm cylinders approximately double in magnitude with
the larger spacing. All three sets of cylinders have a considerable increase in
- 2/u2 normal stress, of approximately 20-30%. The cumulative effect of this
is that 0.38 and 0.76 mm cylinders have a 30-50 % greater maximum TKE
for the larger spacing, while the 1.52 mm cylinders have an 80 % increase in
maximum TKE. Similarly, the TV /u2 shear stress shows a large increase of
60-80 % for the 1.52 mm cylinders, while the smaller cylinders show a lesser
increase of 15-30 % for the larger spacing.

For the data on the Gaussian fetches, there is little difference in the
measured maximum -!/u2 normal stress between the 5.49 mm and 8.23 mm
spaced cases. In both the straight and staggered orientations, there is a 50
% increase in -2 /u2 and a 20 % increase in 2-/u2 for the larger spacing. The
maximum measured TKE is 45 % greater for the larger spaced elements. The
data does not show any significant trend in the U-v/u2 shear stress for the
different element spacings.
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3.4 Triple Products

Triple products can provide an indication of the relative dominance of sweep-
ing motions of fluid toward the wall, or ejection motions away from the wall.
Though a full octant analysis is necessary to show the magnitude and fraction
of time that these events are present, triple products give an overall picture
of the motion of the fluid.

Figure 3.12 shows the triple products -r/u• and u 2v/u' for the mid-plane
of the 0.76 mm cylinders in the straight configuration. These plots are repre-
sentative of the behavior of these quantities on the cylindrical fetches. Near
the wall, -3/u3 is positive, while u2v/U3 is negative. This implies that a
negative v fluctuation is dominant, and u fluctuations are being brought
toward the wall in a sweeping motion. In the three profiles behind the
element(z/d = 0, +0.27) there is a sharp negative peak in the ?3/u3 profile,
and a large positive peak in the u2v/u3 profile near the roughness height.
These peaks denote the prevalence of negative u and positive v events, in-
dicating the ejection of low-momentum fluid along the centerline behind the
element. This effect is greatly reduced in the two profiles taken farther away
from the centerline.
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Figure 3.12: Mid-plane u-3/u' and u2v/u3 for 0.76 mm cylinder, straight
(Case #7).

The u-5/u and u2v/u' triple products show different behavior on the
Gaussian element fetches compared to the cylindrical roughness. Profiles for
the 8.23 mm spaced, straight Gaussian spikes are shown in Figure 3.13. The
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-u/u' profile remains positive below the roughness height, with a peak near
the element height. The u 2v/u' is negative very close to the wall (y+ < 50),
has a positive peak at y+ - 70, and has a negative peak near the roughness
height. This indicates that while positive u fluctuations are dominant near
the wall, the sign of v fluctuates. There is a region near the wall dominated
by the sweeps of u fluctuations, and a second region of sweeps located near
the element height (as opposed to ejections, as in the case of the cylindrical
elements). In the case of both the cylindrical and Gaussian roughness, iP/i4

is negative in the outer layer, and u2v/u' is positive, indicating the ejection
events are prevalent.
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Figure 3.13: Mid-plane U3len and zero for 8.23 mm spacing, Gauss,
straight (Case #3).

The ,-•/• and VWUTplots for the mid-plane of the 1.52 mm
straight cylinders are shown in Figure 3.14, which is representative of the
cylindrical fetches as a whole. The plot of-73/ul is negative near the wall
for profiles directly behind the element, and zero for profiles away from the

centerline. The profiles then have a large positive peak at the element height.
In the plot of uv2/u , those same profiles show a positive peak near the wall
(y+ • 40), and a negative peak at the element height. Thus, it is seen that
sweep events dominate near the wall on the centerline, bringing v fluctuations
toward the wall. Near the element's peak, the downstream flow is dominated
by ejections. The plot of v2w/u3 only shows significant magnitudes in the
z/d = ±0.27 profiles, indicating that the dominant w fluctuation pushes
-W/uT momentum away from the centerline.
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straight (Case #9).

Mid-plane plots of v-3/u3 and uv2/u3 for the 8.23 mm spaced straight
Gaussian elements are shown in Figure 3.15. Once again, the behavior of
these triple products is significantly different than that of the cylinders. Two
regions of sweeps are visible, near y+ = 30 and y+ = 120. There is a region
of ejections near y+ = 70, and a second just above the roughness height.

Examination of the triple products shows that the area behind the cylin-
drical roughness elements and below the roughness height is dominated by
the sweep of high-momentum fluid toward the wall. Near the roughness
height, ejection is the dominant motion. The Gaussian roughness fetches
are distinctly different, showing two areas of sweeps and ejections. In all
cases, ejections dominate the outer region of the boundary layer. Similar
behavior was observed by George (2005), in that sweeps dominated the near
wall regions of the flow and ejection events dominated in the region near the
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element heights and into the outer layers. Note that while triple products
show the overall effects of sweep and ejection motions, a full octant analysis
would have to be done to show the magnitude of the contributions of these
events.

54



2 - SmcWthwaW
- z-d, 027

05 -- 4--- z , .0.27
-a-- zd a 061.81

1 6 zd ,, -1.62

-0.5
l *213

I -0.5

-1 l'1' 1 0 1'0'2, y. •'

Figure 3.15: Mid-plane vR/u., -u-v/u3 for 8.23 mm spacing, Gauss, straight
(Case #3).
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Chapter 4

Discussion and Analysis

4.1 Introduction

This chapter is intended to draw upon the results described in Chapter 3 and
to try to systematically characterize the effects of roughness on the velocity
profile. First, an overall discussion of the flow around the roughness elements
will be given, in order to summarize the observations from Chapter 3. The
remainder of the chapter addresses the characteristics of the mean streamwise
U velocity profile, as determined by fitting the experimental data to a model
equation. Trends in the curve-fitting variables will be discussed. These
variables include the displacement height, c, the roughness effect, AU/u.,
and the wake parameter, Ml.

4.2 Summary of Rough Wall Flow Behavior

A cartoon of the flow around roughness elements, adapted from George
(2005), is shown in Figure 4.1. This illustration is based on the data pre-
sented in Chapter 3, along with the data taken by George (2005) on a finer
measurement grid.

The presence of the roughness elements distributed over a wall creates a
low momentum near wall region. This is evidenced by the low streamwise
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Figure 4.1: Illustration of flow near roughness elements. Adapted from
George (2005).

velocities measured below the roughness height (For example, see Figures
3.3 and 3.4). High levels of turbulent stress and turbulent kinetic energy are
formed near the top of the roughness elements at the shear layer formed by
the interaction of the low momentum near-wall fluid and the higher speed
fluid above the roughness elements.

The flow immediately downstream of a roughness element is dominated
by a recirculation region. In Figure 4.1, green mean separation streamlines
indicate this area, along with the small separation region upstream of the
element. High momentum fluid is brought to this region in two ways. As
indicated by the red arrows, higher speed fluid from upstream of the elements
comes through the gaps between the elements, and rushes in behind the el-
ements from the sides. High speed fluid also comes from over the top of the
elements, brought toward the wall in strong sweeping motions. Experimen-
tal data show negative normal-to-wall mean velocities in the turbulent shear
layer, and triple products indicate sweeping motions of turbulent stresses to-
wards the wall. These events are indicated by the purple arrows in Figure
4.1. The flow around the sides and over the top of the roughness elements
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contribute much larger v and w fluctuations, as compared to the u fluctu-
ations. This effect is seen by the large magnitude of the -2/u' and -2/u2

normal stresses, as opposed to u2/u• stresses.

On the downstream side of the roughness element, there is a small region
where low momentum fluid is ejected. Shown in Figure 4.1 by pale blue
arrows, this fluid is drawn upwards by the high speed fluid passing over the
top of the element. In the elements with large separation regions, such as
the Gaussian spikes and the 1.52 mm cylinders, this area of upwash can be
seen in the profiles taken closest to the downstream side of the element.

The area indicated by the cross-hatched ellipse in Figure 4.1 denotes a
shear layer at the interface of the low and high momentum fluid. Experi-
mental data show high levels of turbulence and turbulent kinetic energy in
this region. George (2005) notes that this is the region of highest produc-
tion of turbulent kinetic energy, and the diffusion velocities Vq = vq2/q2 and
Wq = wq2/q 2 show the transport of energy away from this region. The gray
arrows around the ellipse indicate the direction of diffusion velocities.

Though the elements shown in Figure 4.1 are cylinders, this illustration is
an accurate qualitative depiction of the behavior of the flow around Gaussian
spikes as well as cylinders. Though both roughness types have generally the
same flow features, the magnitudes of mean and turbulence quantities dif-
fer. It is proposed that these differences occur as a result of the specific
element geometry. The flow coming over the flat top of the cylinder pro-
duces a well-defined mixing layer at the roughness element height. Thus, the
measurements taken on the cylindrical roughness fetches are characterized
by sharp, strong peaks in turbulence levels near the roughness height. On
the other hand, the smaller, peaked tops of the Gaussian elements do not
provide as clearly-defined an interface between the near wall flow below the
roughness height and the higher momentum fluid above. The result is a more
"muddled" mixing region, shown in the experimental data by a thicker region
of elevated turbulence levels. This turbulence is more distributed through
the near wall region, and does not have peaks of the same large magnitude
as are visible in the cylindrical element data.
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4.3 Boundary Layer Characteristics

In order to characterize and quantify the effect of the roughness on the bound-
ary layer mean velocity profile, a model equation is fit to the experimental
data. That model equation, Equation 4.1, is a modified form of the the laws
of the wall and wake, presented previously as Equations 1.2 and 1.5.

U = l1n ((Y'--)u-)+C- --Au+flW(Y ) (4.1)

In Equation 4.1, r, and C are assumed to be constants, given the com-
monly accepted values of 0.40 and 5.1, respectively. The calculation of the
skin friction velocity u, was discussed in Section 3.1, and values for each
roughness case are presented in Table 3.1.

The boundary layer thickness 6 denotes the vertical location at which the
mean streamwise velocity is 99 % of the free-stream velocity:

6 = YIU=.99U. (4.2)

The boundary layer thickness was determined by an interpolation of the data
obtained by the Outer Layer LDV system. A parabola with zero slope at
the free-stream was fit to three or four of the Outer Layer LDV data points.
Calculated values are presented in Table 4.1.

Therefore, there are three quantities to be determined: displacement
height E, the roughness effect AU, and the wake parameter fl. These three
quantities are iterated in Equation 4.1 to maximize the correlation coefficient
with the experimental data. The results for each quantity will be discussed
in subsequent sections.

To help minimize the effect of any spatial heterogeneity of the rough wall
flow and experimental uncertainty, the data to which Equation 4.1 was fit
was a spatial average of the several LDV profiles taken for each case. The
average velocity at each vertical location yi is the average of the velocity
measured at that location in each profile

Uave(yi) = U(yi) (4.3)
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This spatially averaged method was checked by fitting individual LDV pro-
files and averaging the resulting values of E, AU, and H. The values agreed
well with those obtained by the spatially averaged profile in most cases (stan-
dard deviations were typically within 2.5, .3 and .08 for E, AU, and H, re-
spectively), and the correlation coefficient was higher for the fit of average
profile than that of any individual profile. Individual profiles were used to
calculate curve fit values in cases #3, 5 and 8, because results obtained by
the averaged profiles were poor.

In the cylindrical cases, Outer Layer LDV data was not used to determine
the wake parameter, since this system is subject to larger uncertainties, and
sufficient data was measured in the wake region by the 3-D LDV system.
However, in the Gaussian cases, data could not be taken as far into the wake
region with the 3-D LDV, so Outer Layer LDV data was used in the curve fit
of the wake parameter. The difference in values of H with or without Outer
Layer LDV was less than 0.06.

Table 4.1 presents several calculated quantities for the various roughness
cases. The boundary layer thickness, along with the ratio of the roughness
height to boundary layer thickness, k/1, are shown. The importance of k/6
will be discussed in a later section. The Reynolds number based on mo-
mentum thickness, Reo, is also presented. 0 was calculated using the spatial
averaged LDV profiles, along with the Outer Layer LDV data, in the equation

0 = 1 U) dy(4.4)
0

4.4 Determination of Displacement Height

In Chapter 1, Section 1.6, the displacement height c was discussed. The
displacement height defines the location of the effective wall, as illustrated
in Figure 4.2. The distance from the effective wall is therefore defined as

y = y' - E (4.5)

To determine the displacement height, two methods have been used. In
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Case # Configuration a(mm) )k/l r [ l R
1 Gaussian, 5.49 mm spacing, straight 44.2 0.057 1.15 10532
2 Gaussian, 5.49 mm spacing, staggered 43.8 0.058 1.05 11359
3 Gaussian, 8.23 mm spacing, straight 49.2 0.052 0.97 11786
4 Gaussian, 8.23 mm spacing, staggered 47.7 0.053 1.09 11733
5 0.38 mm cylinder, straight 38.8 0.010 0.66 8746
6 0.38 mm cylinder, staggered 40.4 0.009 0.57 9569
7 0.76 mm cylinder, straight 42.7 0.018 0.70 10471
8 0.76 mm cylinder, staggered 46.6 0.016 0.61 10383
9 1.52 mm cylinder, straight 50.5 0.030 0.80 11309

10 1.52 mm cylinder, staggered 43.2 0.035 0.67 11089

Table 4.1: Boundary layer thickness 3, k/1, Wake parameter fl, and momen-
tum thickness Reynolds number Reo.

y

Figure 4.2: Illustration of displacement height
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the first, displacement height is found by matching Cole's Law of the Wall
to the experimental data, as described in Section 4.3.

For the second method, E is determined by a method which is an extension
of that of Schlichting (1936). In his data reduction, Schlichting spread the
volume of the roughness elements out evenly to form a smooth wall. Thus,
a smooth wall flow with the same volume of fluid as the rough wall flow
was formed. However, this method does not account for any effect of the
roughness elements on the surrounding flow. To account for the effects of the
roughness in this analysis, the volume of the separated flow regions near the
roughness element have been included when determining the displacement
height. This is a more physically sound method than that of Schlichting
(1936), since continuity requires that the flow streamlines be offset by the
volume of both the roughness element and that of the separated flow regions.

Clearly, a very low uncertainty estimate of the mean separation volume
is difficult to obtain without detailed measurements at many more locations
than obtained here. This is a small, near-wall region, and even the detailed
LDV measurements taken do not clearly define this volume. Therefore, the
separation volume shown here is based in part on experimental data, and in
part on a geometric model of the shape of the separated region.

In Figure 4.3, the geometric model for the separation region is shown.
This model consists of three parts: the upstream separation region, the
roughness element itself, and the downstream separation region. The up-
stream separation volume, Vus, is a half cone on its side with a base radius
equal to the roughness height k, and a length to be determined. The rough-
ness element volume, V,, is known. The downstream separation volume, VDS,
is another half cone on its side of base radius k and length to be determined.
The total volume associated with a roughness element is then defined as

VT = VUS + Ve + VDS (4.6)

In order to determine the lengths of the half cone separation volumes,
hus and hDs, LDV velocity profiles from the centerline were utilized. The
streamwise location of a profile with respect to the roughness element pro-
vides a x-coordinate for a point on the separation surface. The point at which
the streamwise velocity U = 0 is assumed to be the y-location of a point on
the separation surface. Given these streamwise and vertical coordinates, hus
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VT -- VDS +Ve + VUS

Figure 4.3: Geometric Model of Separation Volume

and hDs are determined by a linear fit to these points and the top of the
roughness element for each of the four element geometries (Gaussian spike,
0.38 mm, 0.76 mm, and 1.52 mm cylinders). The intersection of this line
with the wall defines the half cone heights. The lines defined by the data for
the downstream separation are shown in Figure 4.4.

The data used to find these locations on the separation surface is both that
taken by this author, as well as that of George (2005). The separation area
is assumed to be the same for a given element, regardless of its configuration,
e.g. the volume for the Gaussian element in a staggered, 5.49 mm spaced
configuration is the same as that for a Gaussian element in a straight, 8.23
mm in the vicinity of the roughness elements are of similar magnitude from
one configuration to the next. This assumption also allowed using more data
sets to help define the separation volume for each element. Spacing of the
elements will be accounted for in a later step.

Very little data exist in the smaller, upstream separations. What data
there are suggested that the height of the half cone defining the the upstream
separation was approximately equal to the roughness height, hDs ,Z k. For
the downstream separations, more data exists, and hDs is defined by the
linear fit to the data, as shown in Figure 4.4.

From equation 4.6, the total volume associated with a single element is
then equal to 1 3 V 1

VT = -7k + -7rk 2 hDs (4.7)
6 6
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Figure 4.4: Determination of downstream separation volume with linear fit

to experimental velocity data

For a surface covered in equally-spaced, identical roughness elements, the
displacement height can be determined

V = D-- (4.8)

Recall that D is the element spacing.

The displacement heights calculated by both methods are included in
Table 4.2. Other than a few exceptions (most notably the 5.49 mm spaced,
straight configuration Gaussian spikes, case #1) the geometric estimate of
the displacement height closely matches that which satisfies Cole's Law of the
Wall. To quantify the difference between the two calculation methods, the
geometric method displacement height ((Geometric) is substituted into Equa-
tion 4.1 in lieu of the ideal curve fit value (ECurveFit), and the increase in the
residual is is examined. That is, if the residual R is defined as

R = Utheo,, - UeP (4.9)

Where Utheory is determined using Equation 4.1 from above, and U,., is the
experimental data. R is minimized when the curve fit value of displace-
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Case # Configuration CurveFit r increase

1 Gaussian, 5.49 mm spacing, straight 57.0 47.1 0.81*
2 Gaussian, 5.49 mm spacing, staggered 47.0 49.7 0.09

3 Gaussian, 8.23 mm spacing, straight 19.3 20.5 0.50
4 Gaussian, 8.23 mm spacing, staggered 24.0 18.9 3.92
5 0.38 mm cylinder, straight 2.2 2.6 0.27
6 0.38 mm cylinder, staggered 2.4 2.6 0.09
7 0.76 mm cylinder, straight 3.9 6.0 3.20
8 0.76 mm cylinder, staggered 5.3 6.3 1.53
9 1.52 mm cylinder, straight 22.0 18.0 1.11

10 1.52 mm cylinder, staggered 18.3 17.2 0.64

Table 4.2: Normalized displacement height as calculated by fit to Cole's Law
of the Wall and by geometric method

ment height, CCurveFit, is used. The percent increase in the residual R when
CGeoretric is used instead indicates how well the geometric method of deter-
mining displacement height matches the experimental data.

This increase in R is typically less than 2 %. In the case of the 5.49
mm spaced, straight Gaussian spikes (Case #1), the error is less than 1 %,
but only if the roughness effect Au+ is also adjusted slightly in the curve fit
(from 12.4 to 12.5). This case is denoted with an asterisk in Table 4.2. The
residual increase in the 8.23 mm spaced, staggered Gaussian spikes (Case
#4) and the 0.76 mm straight cylinders (Case #7) is under 4 %, moderately
greater than that of the other cases.

In order to further test the effectiveness of the geometric method of deter-
mining the displacement height, EGeometric is calculated for the six roughness
cases of George (2005). Here, VT is determined based on cross-sectional (z-
plane) areas of the mean separation volume provided by George, and EGeometric

is calculated by Equation 4.8. These values are then compared with the dis-
placement height values given by George, which are based on a fit to Cole's
Law of the Wall. These results can be seen in Table 4.3. Four of the six
cases appear to agree, though the two values for displacement height differ
significantly for the cases of the staggered 1.52 mm and 0.76 mm cylinders.
Typically, displacement height values calculated by either method do not
vary much between a straight and staggered configuration. It is not clear
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Configuration _'CurveFit E t

0.38 mm cylinder, straight 14 13.1
0.38 mm cylinder, staggered 11 12.4
0.76 mm cylinder, straight 27 29.0

0.76 mm cylinder, staggered 19 28.7
1.52 mm cylinder, straight 62 61.4

1.52 mm cylinder, staggered 44 62.5

Table 4.3: Normalized displacement height as calculated by the geometric
method, compared with curve fit values of George (2005). Note that the
element spacing for the George (2005) cases (5.49 mm) is half of the spacing
in the cylindrical roughness data of this author (10.97 mm).

why this is the case for the data of George (2005). More data from these
cases may be required to resolve the discrepancies.

It has been seen that the displacement height predicted by the geomet-
ric method fairly closely predicts the displacement height calculated by the
semilogarithmic law of the wall. This indicates that the reasoning behind the
geometric method is sound, and the model of the separation volumes is suf-
ficiently accurate. However, the main drawback to the method is that mean
velocity measurements must be taken in the vicinity of the roughness element
to help define the separation volume, and this is not a trivial exercise.

4.5 Wake Parameter

The wake parameter, H, was first discussed in Section 1.5. Some roughness
studies, such as the review by Tani (1987), have shown a large variation in the
value for H. The smooth wall zero pressure gradient value is approximately
0.52 (Fernholz and Finley, 1996), and rough wall values have been found
to range up to 1. Jimenez (2004) proposed that this is a function of the
roughness height to boundary layer thickness ratio, k/1, and the data here
tend to support that idea.

The k/6 is essentially a ratio of the length scales of the vortices present in
a rough wall boundary layer. The largest vortices present are of a size on the
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order of the boundary layer thickness, 6. The inner layer vortices are those
produced by the roughness elements themselves, and thus are of the scale of
the roughness height, k.

There is an analogy that can be made to a smooth wall turbulent bound-
ary layer. In a smooth wall flow, once again the largest vortices in the
boundary layer are of the order 6. The inner layer vortices, however, are
those produced on the wall, and are of scale of the thickness of the viscous
sublayer, or y+ ; 10. Thus, the ratio of these scales could be represented as

y+ = 10 lO.___ (4.10U- - __ (4.10)
6 6 6u,

Both this smooth wall ratio and the rough wall ratio k/1 indicate the
level of interaction between the inner and outer layers of a boundary layer.
For small ratios, such as those typically found in a smooth wall and for rough
walls with small elements, the near wall vortices have little impact on the
outer layer flow. The effect of the wall is apparent to the outer layer only in
the value of the friction velocity u,. However, as this scale ratio increases,
the inner layer vortices are significant, and have a direct effect in the outer
layer. In the present study, a fairly wide range of k/6 is covered, as seen in
Table 4.1.

The values of the wake parameter H, as determined by fitting Equation
4.1, are shown in Table 4.1. They vary greatly, from lower values, associated
with smaller k/6, to values slightly above 1. The variation of H with scale
ratio k/6 is more clearly visible in Figure 4.5. A linear trendline has been
added to the Figure to emphasize the trend, but it has no physical basis.
Figure 4.5 also shows the results of George (2005), also determined by a fit
of velocity profile data to Equation 4.1. These data follow the same trend as
that of the present study.

4.6 Roughness Correlations

The concept of correlating the roughness effect AU/u- with the geometry
and spacing of the roughness elements was first introduced in Section 1.4.
Dvorak (1969) presented a correlation for wide variety of data, including
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Figure 4.5: Plot of wake parameter H versus scale ratio k/6.

the two-dimensional rods of Betterman (1966), the sand grain roughness of
Nikuradse (1933), and the spheres of Schlichting (1936), among others. The
roughness length scales defined a parameter AD, which Dvorak defined as
the ratio of the surface area covered by the roughness elements to the total
surface area. The A was then correlated to f(A), which was a function of the
roughness effect AU/u-

f( Z= U il(kU•-\
-In k-I (4.11)

Dvorak proposed two correlations, one for sparsely distributed roughness
elements (large 1/AD), and another for more closely packed roughness ele-
ments (small 1/AD). For 1/AD Ž_ 4.68, Dvorak proposed that

f(A) = -5.95(1.1031og(1/AD) - 1) (4.12)

For A < 4.68, Dvorak's correlation was

f(A) = 17.35(1.625log(1/AD) - 1) (4.13)
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Case # Configuration AU/u7 I f(,)

1 Gaussian, 5.49 mm spacing, straight 12.4 -1.07
2 Gaussian, 5.49 mm spacing, staggered 12.7 -0.90

3 Gaussian, 8.23 mm spacing, straight 11.1 -2.32
4 Gaussian, 8.23 mm spacing, staggered 9.7 -3.51
5 0.38 mm cylinder, straight 2.3 -5.64
6 0.38 mm cylinder, staggered 1.9 -5.96
7 0.76 mm cylinder, straight 5.1 -4.73
8 0.76 mm cylinder, staggered 5.7 -4.27
9 1.52 mm cylinder, straight 7.9 -4.00

10 1.52 mm cylinder, staggered 7.4 -4.38

Table 4.4: Roughness effect AU/u, and f(A)

Simpson (1973) found better agreement between experimental data and
these correlations if a different definition of A is used. Simpson proposed that

1/A • As (4.14)

where As is the total wall surface area and AF is the frontal area of the
elements normal to the flow. The use of frontal area to determine 1/A gives
a better description of the roughness element geometry and its effect on the
flow. Lines representing the correlations of Dvorak (1969) with the 1/A of
Simpson (1973) appear in Figures 4.6 and 4.9.

For the data taken in the present study, the values of the roughness effect
AU/uT, as determined by the fit to Equation 4.1, and calculated values of
f(A) appear in Table 4.4. The f((A) is plotted with 1/A in Figure 4.6. Included
in this figure is the data of George (2005), and the correlation of Dvorak
(1969). Generally, the data agree well with the correlation. The exception
are the cases with the largest values of 1/A, corresponding to the cylindrical
elements of 0.38 mm and 0.76 mm heights.

The most likely reason that f(A) for the 0.38 mm and 0.76 mm cylindri-
cal cases from the present study are greater than what is predicted by the
correlation is that they are in the transitional regime. Simpson (1973) notes
that this correlation is for the completely rough regime. Dvorak (1969) ex-
tended the correlation to the transitional regime, but this was based on the
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Figure 4.6: Plot of f (A) vs. A-'.

70



sand grain roughness of Nikuradse (1933) and the screens of Hama (1955).
These types of roughness behave significantly different than the distributed,
three-dimensional roughness elements being considered here.

In the completely rough regime, force acting tangentially to the surface
is assumed to be due to the drag on the roughness elements, rather than any
viscous drag on the wall itself. The separation regions and the roughness
elements themselves cover most of the surface area of the wall. However,
as the element spacing becomes wider and/or the elements become smaller
(thus creating smaller separation regions), more smooth wall area is exposed
to attached flow. Thus, skin friction drag on the wall becomes increasingly
important in addition to the form drag on the elements.

This phenomenon would account for the results seen in Figure 4.6. In the
cases of the relatively large Gaussian elements and 1.52 mm cylinders (along
with all of the more closely-spaced cylinders of George (2005)), the skin
friction drag is negligible. However, for the 0.38 mm and 0.76 mm cylinders
with a 10.97 mm spacing, the f(A) is due to both skin friction from the wall
and form drag from the elements. The result is a value of f(A) higher than
predicted by the correlation, which typically only applies in the completely
rough regime.

Figure 4.6 shows a possible relationship between A and f(A) for the ex-
perimental data in the transitional region. It is a linear function, obtained
by a fit to the experimental data points for the transitional roughness. For
the region A` > 40

f(A) = 77.1OA - 5.96 (4.15)

Note that the dependent variable in Equation 4.15 is A, not 1/A.

This relationship implies a linear, steady increase in the transitional ef-
fects on f(A) as roughness density A increases. This is analogous to the linear
relationship between AU/u,- and k+ in the transitional region described by
Dvorak (1969).

Alternatively, the present data, along with that of George (2005), follow
a log-linear trend defined by

f(A) = -1.6731n(A- 1) + 2.516 (4.16)

This line is also shown in Figure 4.6. The data fit this line with an R2 of
0.926. However as will be seen in later figures, no other data sets follow

71



the trends in Equations 4.15 and 4.16, so it is premature to try to use these
relationships to predict other rough wall flow behavior.

The disagreement between the experimentally obtained values for f(A)
and the correlation of Dvorak (1969) (with Simpson's A) has been attributed
to the significant effect of skin friction drag on the portions of the wall exposed
to attached flow. However, this conclusion, as well as Equation 4.15, is clearly
based on very limited experimental data, and further study is required to
determine its validity.

A functional relationship between A and experimental f(A) values was
found using a model equation similar to the Spalding equation. This equation
blends the linear relationship in the transitional region (Equation 4.15) and
blends it with the logarithmic relationship in the fully rough region.

k+±S = AU++ { exp(QAU+) - I + KAU+ + (rAU+)2 ± (r.AU+
k+S= U-exp(,fy(A)) 2! 3!

(4.17)

Where S is a adjusted to match the data. Equation 4.17 can be arranged
to form an explicit equation for f(A).

1 exp(rAU+) - [1 + KAU+ + (KAU±)
2 +

f(A) (4-i18)2f ( k+ + S - AU+(4.18)

Using a value of 46 for S, Equation 4.18 is plotted in Figure 4.8.

Values of U+ are plotted versus k+ in Figure 4.7. Experimental data are
shown, along with corresponding values calculated via Equation 4.17. Lines
of constant A are shown, with slopes estimated from the experimental data,
along with the data of George (2005) and Dvorak (1969).

Figure 4.9 is similar to Figure 4.6 above, but adds some additional data
sets. Data from O'Loughlin (1965), Koloseus and Davidian (1966), Raupach
et al. (1980), and Tomkins and Adrian (2000) have been included. It can
be seen that there is a collapse of these data sets to the Dvorak correlation
from the range of 8 > A 1 > 50. However, in the range of A-' > 50, there is
significant divergence of the data sets.

The data on the cube roughness of O'Loughlin (1965) are mostly below
the range of A` that is being discussed here. However, the data at A 1 = 8.8
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Figure 4.7: Plot of U+ versus k+ with estimated lines of constant A.

have collapsed with the Dvorak correlation.

Koloseus and Davidian (1966) obtained data on a channel flow roughened
with 4.76 mm high cubes over a large range of A-1 . In the lower range, the
data agrees well with the correlation, but diverges in the range A-' > 100.

Data were obtained by Raupach et al. (1980) on circular cylinders over a
large range of A- 1. All of the values of f(A) agree well with the correlation
for the range A-1 > 10, including a point at a A-' = 89.

Tomkins and Adrian (2000) obtained particle image velocimetry (PIV)
data on two sizes of hemispheres. The data on the larger spheres are above
the Dvorak correlation, but not significantly so, and it agrees well with the
Gaussian spike data taken in this study. The data corresponding to the
smaller hemispheres are below the value predicted by the Dvorak correlation.

The data included in Figure 4.9 do not show a collapse, either with the
Dvorak correlation or with a different trend, in the range of A-1 > 50. The
lack of a clear trend is due in part to the low number of data sets available in
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Equation 4.18.
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this region. However, it can be noted that the data of Koloseus and Davidian
(1966) and Tomkins and Adrian (2000) (and clearly that of Raupach et al.
(1980)) agree better with the Dvorak correlation than the data obtained in
this study. A possible reason is that the k+ values for the 0.76 mm and
0.38 mm cylinders in this study are much smaller than those in the above
mentioned studies. The 0.76 mm cylinders have a k+ of approximately 50,
while the 0.38 mm cylinders have a k+ of approximately 24. By contrast,
the cylinders of Raupach et al. (1980) have k+ ; 300, the cubes of Koloseus
and Davidian (1966) have k+ ; 300 - 350, and the smaller hemispheres of
Tomkins and Adrian (2000) have k+ ;.: 100.

By the previous reasoning, the over-prediction of f(A) was due to the
increased significance of skin friction drag for the smaller cylindrical elements.
This is supported by the values of k+. For a rough wall with larger values of
k+, the separation areas on the elements will be larger, and form drag will
be more significant. Though some transitional effects may exist in the data
of Koloseus and Davidian (1966), Raupach et al. (1980), and Tomkins and
Adrian (2000), and thus may diverge somewhat from the Dvorak correlation,
they are still not as significant as in the data from this study, which have
comparatively very low values of k+. It remains to be seen in what manner
A-1 , k+, and other parameters can be used to consistently predict the effects
of transitional roughness on f(A). Further data, taken over a range of k+
values at A-1 > 50 is required in order to systematically define these effects.
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Chapter 5

Conclusions & Future Work

5.1 Summary of Study

An experimental study has been conducted of the effects of three-dimensional
distributed roughness elements on a two-dimensional turbulent boundary
layer. This study was conducted in the Virginia Tech Small Boundary Layer
Wind Tunnel.

Two types of roughness were considered: circular cylindrical posts and
Gaussian spikes. Three heights of cylinders were considered, 0.38 mm, 0.76
mm, and 1.52 mm, all with a diameter of 1.98 mm and a spacing of 10.97 mam.
The Gaussian spikes studied were 2.54 mm in height, and had a base diameter
of 2.54 mm. Two spacings of Gaussian element were considered, 5.49 num

and 8.23 mm. All of these geometries were studied in both a "straight" and
"staggered" configuration, yielding a total of ten cases. Note that data was
acquired for the Gaussian roughness with 5.49 mm spacing in the straight
configuration by Bennington (2004), but was included in the analysis for this
study.

Measurements were taken using a three-dimensional fiber optic Laser
Doppler Velocimeter (LDV). This system has a fine-resolution (- 50pm)
measurement volume. For each roughness configuration, three vertical mea-
surement profiles were taken in the centerline plane downstream of a rough-
ness element, along with four additional profiles in the mid-plane between
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two rows of elements. An additional profile was taken 6-8 cells downstream of
the primary measurement location. Mean velocities, Reynolds stresses, and
triple products were obtained for each profile. A single-component Outer
Layer LDV system was used to take measurements of mean streamwise ve-
locity in the in the region of the boundary layer beyond the reach of the
three-component system.

5.2 Conclusions

Flow around the roughness element is characterized by high speed fluid com-
ing into the separation region behind the element both from the gaps between
elements, and rushing toward the wall from above the element. Sweeping mo-
tions bring high-momentum fluid toward the wall, while an ejection of low-
momentum fluid occurs in small region immediately behind the roughness
element.

The mean U-velocity profiles show the presence of the backflow region
behind the roughness elements, and exhibit a semi-logarithmic profile which
has a shift AU/u. based on the roughness density. This semi-logarithmic
region exists in all of the measured cases, but is weaker in cases with a larger
k16.

The interface between the low-momentum fluid below the roughness height
and the higher-momentum fluid above creates a strong mixing region. This is
evidenced by high levels of turbulent kinetic energy near the element height.

2v/u•., •2 /, and Ti/u• stresses also exhibit peaks near the element height
much greater than levels seen in a smooth wall profile. - 2 /u2 normal stress,
by contrast, is lower than that of a smooth wall boundary layer.

Though the general behavior of the flow around the Gaussian elements
is similar to that around the cylindrical elements, significant differences do
exist. The flat tops of the cylindrical elements produce a sharp interface
between the low-speed near-wall fluid, and the high speed fluid above. The
result of this are well-defined, high peaks in turbulent stresses. The pointed
tops of the Gaussian elements do not create this sharp interface, and mix-
ing occurs over a range of heights. Profiles of turbulent stresses taken on
Gaussian roughness fetches exhibit broad (even multiple) peaks, showing tur-
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bulence not just near the roughness height, but significantly below it. How-
ever, the stresses never reach the magnitude at any one point the stresses
on the cylindrical fetches do. Turbulent mixing is more spread out in the
near wall region for the Gaussian spike roughness than for the cylindrical
elements.

Data on cylindrical elements as well as Gaussian elements shows that for
a given roughness element geometry, the maximum magnitude of turbulent
quantities tends to increase as element spacing increases.

The effect of the roughness on the boundary layer mean velocity profile
was quantified by fitting Cole's Law of the Wake and semilogarithmic law
of the wall to the experimental data. The variables used in this fit were the
displacement height, E, the roughness effect, AU/u-, and the wake parameter,
11. Trends in each of these three parameters were examined.

The displacement height E is the location of the effective origin above the
actual wall. Besides being determined by the law of the wall, this parameter
was also calculated by estimating the volume of the element and separation
region. Separation volume was estimated using LDV data and a geometric
model for the shape of the separation. This method agreed well with the
curve fit value, causing less than a 4% increase in the residual when used in
the curve fit model equation.

The values for the wake parameter 11 were found to vary widely for
the various roughness configurations, from 0.6 to 1.1, which is significantly
greater than typical smooth wall values of approximately 0.52 (Fernholz and
Finley, 1996). The values for H increase with increasing ratios of roughness
height to boundary layer thickness, k/1. The values from the present study,
along with those of George (2005), follow a linear trend.

The main effect of the roughness on the velocity profile is to shift the
semi-logarithmic region by a quantity AU/u,. Once determined, this shift
was used to calculate f(A) = AU/u, - (1/t)1n(kuT/v). This value of f(A)
was compared to that predicted by the correlation of Dvorak (1969), using
the roughness density A` defined by Simpson (1973). It was found that the
cases with lower values of A 1 , which included the four Gaussian spikes and
the two 1.52 mm cylinder cases, agree well with this correlation. However,
the four cases with the smaller cylinders (0.38 and 0.76 mm) had calculated
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values of f(A) significantly greater than that predicted by the correlation.
This was attributed to the fact that in addition to the form drag on the
elements, significant skin friction drag was occurring due to the exposed
smooth walls. The cumulative effect of form and skin friction drag was a
higher value of f(A). It was proposed that these data follow a linear trend,
similar to the linear relationship between AU/uT and k+ in the transitional
region described by Dvorak (1969). The data from the present study, along
with data from other authors, tends to confirm the Dvorak correlation in the
range 8 > A- 1 > 50, but the current data does not support the correlation
above that range.

5.3 Future Work

Continued research will focus on more densely packed roughness elements,
and their effect on a turbulent boundary layer. Using the ability of Laser
Doppler Velocimetry to measure on a fine scale, measurements will be taken
around closely packed elements. Among other things, this data will serve to
determine trends in the roughness effect AU/uT in ranges below A-' = 5.

Currently few studies have obtained data on transitional roughness, as
it is typically more difficult to analyze than that acquired in fully rough
flows. It is recommended that further research be conducted in this area in
order to examine the behavior of the roughness effect for sparsely distributed
roughness, not only over a range of A-', but also k+. This study would serve
to explain the coupled effects of skin friction and form drag on the structure
of the turbulent boundary layer.
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Appendix A

Complete Data Plots

The following figures are a complete set of the plots of the rough wall data.
For each roughness configuration, there is a set of centerline plots and mid-
plane plots. Centerline plots refer to the data taken on the steamwise x-axis
behind a roughness element, and mid-plane plots refer to data taken on the
spanwise axis (x = const) located halfway between two rows of roughness
elements. The centerline plots omit W+ mean velocity and Reynolds stresses
and triple products that involve an odd-ordered w fluctuation, since these
quantities are zero on the centerline. Other than these exceptions, all mean
velocities, Reynolds stresses, triple products, turbulent kinetic energy and
structure parameters a, and 1/S are shown for the centerline and mid-plane
of the nine roughness configurations measured in this research. For plots
of the 5.49 mm spaced straight Gaussian spikes, refer to Appendix D of
Bennington (2004).
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A.1 Gaussian Spikes, 5.49 mm Spacing, Stag-
gered
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Figure A.1: 5.49 mm spaced staggered Gaussian spikes: Mean velocity and
Reynolds stress centerline plots
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energy and structure parameters a, and 11S centerline plots
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Figure A.6: 5.49 mm spaced staggered Gaussian spikes: Triple product mid-
plane plots (continued)
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A.2 Gaussian Spikes, 8.23 mm Spacing, Straight
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Figure A.8: 8.23 mm spaced straight Gaussian spikes: Mean velocity and
Reynolds stress centerline plots
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Figure A.10: 8.23 mm spaced straight Gaussian spikes: Turbulent kinetic
energy and structure parameters a, and 11S centerline plots
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Figure A. 11: 8.23 mm spaced straight Gaussian spikes: Mean velocity and
Reynolds normal stress mid-plane plots
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and triple product mid-plane plots
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Figure A. 13: 8.23 mm spaced straight Gaussian spikes: Triple product mid-
plane plots (continued)
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A.3 Gaussian Spikes, 8.23 mm Spacing, Stag-
gered
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Figure A. 15: 8.23 mm spaced staggered Gaussian spikes: Mean velocity and
Reynolds stress centerline plots
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Figure A. 19: 8.23 mnm spaced staggered Gaussian spikes: Reynolds shear
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centerline plots
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Figure A.25: 0.38 mm Cylinders, straight: Mean velocity and Reynolds nor-
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Figure A.27: 0.38 mm Cylinders, straight: Triple product mid-plane plots
(continued)
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Figure A.30: 0.38 mm Cylinders, staggered: Triple product centerline plots
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Figure A.31: 0.38 mm Cylinders, staggered: Turbulent kinetic energy and
structure parameters a, and 1/S centerline plots
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normal stress mid-plane plots



0.5- SmoObhWa 1
- -- d - 0.27

0 zid- 0
0---- -- •d m -0.27

0-5

" " 101 10,÷ 103 1010 * O
15 15

S10-

0.5

I I'I10 -

-0.5 -5 I

I I

-1 0" " 1' ) ' " . . ..1 • . . . .. " 1 ' " -1 1 0 . . . ..l y ÷ . . . . ..0

1.5-0.5-.• •

2-1

Figure A.33: 0.38 mm Cylinders, staggered: Reynolds shear stress and triple
product mid-plane plots
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Figure A.34: 0.38 mm Cylinders, staggered: Triple product mid-plane plots

(continued)
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bulent kinetic energy and structure parameters a, and 11S mid-plane plots
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Figure A.37: 0.76 mm Cylinders, straight: Triple product centerline plots
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Figure A.40: 0.76 mm Cylinders, straight: Reynolds shear stress and triple
product mid-plane plots



6 - 21d MO027

5 ~0.5-

-1 -I i 1i

22

015

If 10

F"IgueA4s07 mClnes tagh:Til rdc i-lnlt
(contnued



2 0- SmoothWall 10
- zd ,- 0.27

1.5 0 Z-dO 8
-z/d - -0.27

-a zld- -1.38
1 - zd - -2.77 6

•3,L

0 5

02- 25

2 ,I

IIII 1

0 1

I 0 0

Figure A.42: 0.76 mm Cylinders, straight: uv--w /u2 triple product, turbulent
kinetic energy and structure parameters a, and 1IS mid-plane plots
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Figure A.43: 0.76 mm Cylinders, staggered: Mean velocity and Reynolds
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Figure A.44: 0.76 mm Cylinders, staggered: Triple product centerline plots
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Figure A.45: 0.76 mm Cylinders, staggered: Turbulent kinetic energy and
structure parameters a, and 11S centerline plots
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Figure A.46: 0.76 mm Cylinders, staggered: Mean velocity and Reynolds
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Figure A.47: 0.76 mm Cylinders, staggered: Reynolds shear stress and triple
product mid-plane plots
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Figure A.48: 0.76 mm Cylinders, staggered: Triple product mid-plane plots

(continued)
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Figure A.49: 0.76 mm Cylinders, staggered: u-vw-/u2 triple product, tur-
bulent kinetic energy and structure parameters a, and 11S mid-plane plots
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Figure A.51: 1.52 mm Cylinders, straight: Triple product centerline plots
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Figure A.52: 1.52 mm Cylinders, straight: Turbulent kinetic energy and
structure parameters a, and 11S centerline plots
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Figure A.54: 1.52 mm Cylinders, straight: Reynolds shear stress and triple
product mid-plane plots
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Figure A.56: 1.52 mm Cylinders, straight: uv-w/u2 triple product, turbulent
kinetic energy and structure parameters a, and 11S mid-plane plots
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Figure A.58: 1.52 mim Cylinders, staggered: Triple product centerline plots
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Figure A.59: 1.52 mm Cylinders, staggered: Turbulent kinetic energy and
structure parameters a, and 11S centerline plots
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normal stress mid-plane plots
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Figure A.61: 1.52 mm Cylinders, staggered: Reynolds shear stress and triple
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Figure A.62: 1.52 mm Cylinders, staggered: Triple product mid-plane plots
(continued)
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Appendix B

Uncertainty Analysis

B.1 Wall Location

The traverse upon which the LDV probe is mounted utilizes a linear encoder
in the vertical direction, allowing for determination of position to within
1 gm. Thus, position can be set very accurately with respect to the wall
location. However, there is some uncertainty in how this wall location is
determined.

To find the wall, the laser probe is traversed until the measurement vol-
ume is on the glass wall. At the glass/air interface, the laser beams produce
flare which is visible via a spectrum analyzer. The location of the wall is
determined by traversing the probe through the glass surface several times
and averaging the location at which the flare appears. By the nature of this
method, uncertainty in wall position is the same magnitude as the measure-
ment volume diameter, :50pm

B.2 Horizontal Measurement Location

The method for determining the spanwise and streamwise location of the
origin with respect to a roughness element was discussed in Section 2.5.3.
The center of the roughness elements are found by repeatedly taking readings
the location of the measurement volume on the element. By examining the
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variation in reading taken, the center of the roughness elements can be found
within +60pm.

B.3 Free-stream velocity

The free-stream velocity is set by a pitot probe, and is not measured by the
LDV system, so its uncertainty must be considered separately from that of
the other velocity measurements. Using a liquid manometer, the dynamic
pressure can be determined within 6hhm = ±0.02inH20. The equation to
determine velocity from the manometer measurement is,

/PH20O
U.h = ePH2 gnm (B.1)

Pair

Measurement uncertainty in temperature and pressure (used in determnin-
ing the density of air) are small compared to manometer measurement error.
Thus, root-mean-square (RMS) error is,

U = (6h,)h (B.2)

Calculating derivatives of Equation B.1 and substituting, uncertainty in the
free-stream velocity is determined to be 6U,, = ±0.lm/s.

B.4 Velocities

The effect of various sources of uncertainty have been previously studied on
the LDV system used in this study. Tang (2004) concluded that fringe bias,
geometric bias, and angular bias are not significant in the LDV system used
in this study because the measurement volume is small and nearly spherical.
Kuhl (2001) showed that the lack of a correlation between velocity magnitude
fluctuation and data rate fluctuation indicates that there is no velocity bias.
Velocity gradient bias can be present in large velocity gradients, such as near
a wall, but can be reduced by a small measurement volume. Tang (2004),

153



U/U, ±0.27 u 2v/U" ±0.06
V/U,. ±0.01 u2w/U3 ±0.10
W/UT ±0.10 v-w/UU3 ±0.01

!2/u , ±0.12 -i-I/U, ±0.01

- 2/u , ±0.05 UW2 /U-/ ±0.03
- 2 /U2 ±0.01 -w2/U2 ±0.04

-Unv/U, ±0.03 uv-/U,3 ±0.01

-Vwl-/U2 ±0.08 -u3/U. ±0.20
-F--/U.2 ±0.03 - /U,3 ±0.03

Sw-3/UU3 ±0.06

Table B.1: Velocity, Reynolds stress, and triple product uncertainties with
21:1 odds

using equations from Durst et al. (1992), showed that velocity gradient bias
is less than the uncertainty in the data acquired by this system.

The uncertainties in the velocities, Reynolds stresses, and triple products
are calculated by the same method described in Olqmen and Simpson (1995).
Two smooth wall boundary layer profiles, acquired on different days, are
utilized. Chauvenet's criterion is used to determine the standard deviation,

-1.15 (B.3)

1.15

In this equation, dmoa is the average of half of difference between data values
for the two profiles. 21:1 odds uncertainties are equal to ±20, and are shown
in Table B.1.

Strictly speaking, these are calculations of repeatability. However, in this
case, this does describe the uncertainty as well. Comparison with smooth
wall profiles, and analysis appearing in Kuhl (2001) and Tang (2004), confirm
that biases have been calibrated out of the system. Thus, scatter in the data
is a result of the accumulated uncertainties in the system. As discussed in
Olhmen and Simpson (1995), comparison of velocity profiles, and application
of Chauvenet's criterion, yields the uncertainty for the measured quantities.

The Outer Layer LDV system has a larger measurement volume, which
increases uncertainties, and the one-component configuration introduces ad-
ditional error, such as velocity bias. Thus, the uncertainty in the velocity
measured by the Outer Layer LDV system is 6U,,, = ±0.1m/s.
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Configuration 6 u

Gaussian, 5.49 mm spacing, straight 0.022
Gaussian, 5.49 mm spacing, staggered 0.068
Gaussian, 8.23 mm spacing, straight 0.042

Gaussian, 8.23 mm spacing, staggered 0.090
0.38 mm cylinder, straight 0.022

0.38 mm cylinder, staggered 0.026
0.76 mm cylinder, straight 0.027

0.76 mm cylinder, staggered 0.030
1.52 mm cylinder, straight 0.038

1.52 mm cylinder, staggered 0.038

Table B.2: Skin friction velocity uncertainties with 20:1 odds

B.5 Skin Friction Velocity

The uncertainty in the skin friction velocity, u,, was calculated for 20:1 odds
(95% confidence interval) for each roughness case,

u 96o (B.4)

n is the number of log-layer data points used in the calculation of u,. Calcu-
lated uncertainties for skin friction velocities appear in Table B.2. Note that
the largest uncertainties are associated with the larger Gaussian elements.
This is a result of the fact that not only is the standard deviation of the data
larger than that of the cylindrical data, but the smaller log layer (due to the
larger k/1) results in a fewer points, n, used in the calculation of u,.

B.6 Turbulent Kinetic Energy

Recall that non-dimensional TKE is equal to half the sum of the normal
stresses, (u2 + V

2 + w2)/2. The root-mean-square error is calculated by,

STKE ~ ~ ~ ~ ~ ~ 2 2 ( (TK (&Ka,2 (TKE r-\
ýaK)p22+ +aKE pTKE = ± - ) ] - 72

(B.5)
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After taking the partial derivatives, Equation B.5 is evaluated using un-
certainties for the normal stresses from Table B.1. The uncertainty in tur-
bulent kinetic energy is calculated to be 6TKE = ±O.065m 2/s 2.
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Appendix C

Monodisperse Seeding Study

C.1 Introduction

Laser Doppler Velocimetry (LDV) is a method of taking instantaneous veloc-
ity measurements in fluid flows (e.g. air or water) with very precise spatial
resolution. These measurements are accomplished by focusing multiple laser
beams into a small (; 50pm) measurement volume within the fluid flow.
Small seed particles injected into the flow pass through this measurement
volume, and reflect some of the laser light. This reflected light is then re-
ceived, and the Doppler shift of the light's frequency can be related to the
velocity of the seed particle, which is assumed to be equal to the air velocity.

The following study is related to research done in the Virginia Tech Small
Boundary Layer Wind Tunnel, a small (10 cm x 23 cm cross section), closed
loop wind tunnel. The study's purpose is to investigate various methods of
seeding the wind tunnel and make a recommendation on the most effective
method.

For the purpose of LDV measurements, it is important to have monodis-
perse (consistently-sized) particles. Small particles reflect too little light, and
appear in the received signal only as noise, and particles which are too large
fail to follow the flow correctly, and the resulting measurements therefore fail
to correctly represent the flow conditions.

Two different types of seed material were investigated here: Polystyrene
Latex (PSL) spheres and di-octyl phthalate (DOP). PSL spheres, shown in
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Figure C.1 are small (; lym) solid particles with typical standard devia-
tions being around 3.5% of the particle diameter (Alfrey et al., 1954). This
narrow size distribution makes them an ideal seeding material. The PSL
spheres come suspended in water, so the challenge with this seed material is
to atomize a sufficient amount of the sphere and water solution to obtain an
acceptable data rate, and also to have the atomized droplets dry fast enough
so that only the solid sphere remains when the particle passes through the
LDV system's measurement volume. Various methods of atomizing and in-
jecting PSLs into the wind tunnel are investigated in this study.

DOP is a liquid that is atomized by a nozzle to form small droplets; these
droplets are the seed material for the LDV measurements. Previous to this
study, the seeding system employed was a Laskin nozzle aerosol generator
that atomized DOP with a high pressure jet of air. Though this system pro-
duced a large volume of seed, the particles produced had a very large size
distribution, as documented in a previous analysis performed at the Univer-
sity of Arkansas Graduate Institute of Technology (Mazumder, 1981). Figure
C.2 shows a typical particle size distribution produced by a Laskin nozzle
generator. In this study, an improvement to this system is investigated.

C.2 Seeder Output Requirements

To determine the seed density requirement, it was assumed that four parti-
cles need to arrive in the measurement volume within 30 ps to yield accurate
instantaneous gradients. In order to calculate the concentration, a represen-
tative mean streamwise velocity in the boundary layer must be chosen. At
velocities lower than this, fewer 4 particle events will occur, while at higher
velocities, 4 particle events may occur within a shorter time window. In this
case, a velocity of 10 m/s is chosen, corresponding to a y-location of approx-
imately 245 ym. For a measurement volume diameter of 150 m, the volume
of air passing through the measurement volume in 30 ps is,

Vair = AMVUrept4part (C. 1)

where Vai, is the volume of air, AMy is the projected area of the measure-
ment volume, Urep is the chosen mean streamwise velocity, and t4pat is the
time window for 4 particles. In this volume of air, then, there must be 4
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Figure C.1: 2.7 pm PSL spheres magnified 2000x. Ref. Meyers (1991).

seed particles, allowing for the calculation of overall seed density in the test
section.

C = 4 particles = 7.55e 11 particle/mr3  (C.2)Vai,

To determine the output required of the seeder, the flow in the tunnel
boundary layer must be characterized. Boundary layer volumetric flow rate
is

QBL = U"(6 - 5*)W (C.3)

where QBL is the boundary layer volumetric flow rate, U, is the free stream
velocity, 5 is the boundary layer thickness, 6* is the displacement thickness,
and W is the width of the tunnel. The parameters have the approximate
values as follows:

U, = 27.5m/s

6= 40mm
P* = 6.3mm

W - 229mm
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(C.4)

Therefore, the boundary layer volumetric flow rate is about Q = 0.2119m 3/s =

12.7m3/min. Thus the seeder output must be,

r = C. Q = 9.58e12 particle/min (C.5)

This provides an upper limit for what needs to be produced by the seeding
apparatus, since it would produce many more 4 particle events than neces-
sary, especially away from the wall, and that calculation of the seeder output
in Equation C.5 assumes that there is no recirculation of seed material.

C.3 Polystrene Latex (PSL) Sphere Seeding

Because of their extremely consistent size, PSL spheres are an attractive
option for seeding a wind tunnel. In this section, a variety of seeding methods
that were investigated are described and evaluated.

C.3.1 Injection of Seed into Tunnel

The PSL spheres are injected into the second contraction, about 10 cm down-
stream of the turbulence screens. This location was chosen because the flow
velocity is relatively low, so disturbance to the structure of the boundary
layer in the test section would be negligible. In addition, wall curvature at
this point is small, facilitating the attachment of the injection apparatus.

The complete injection apparatus can be seen in Figure C.3. The PSLs
exit the seeder box through six 1 cm inner diameter rubber tubes. These
six tubes exhaust through six holes that are evenly-spaced spanwise across
the contraction floor. The tubes are attached to the contraction via 2.5 cm
lengths of copper tubing that are held in place by a flange attached to the
outside of the tunnel.

To eliminate the effect of having a jet at the injection point, a baffle plate
(Figure C.4) is employed. The baffle plate is mounted inside the tunnel,
so that the oncoming flow sees only a ramp followed by a slight backstep.
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Figure C.4: Baffle plate (side view)

162



Air 
r1

Valve

Elactric valve

R egulator

y Gage

0 Spray Nozzle

LiqUid

Figure C.5: Schematic of Spray Systems nozzle apparatus. Ref. Chesnakas
(1995).

The injected aerosol impacts on the underside of the baffle plate, serving to
evenly distribute the seed across the width of the tunnel. The seed is then
entrained in the flow coming over the backstep. Spanwise bars and sand
grain roughness at the exit of the contraction (see wind tunnel description)
eliminate any disturbance created by the flow over the baffle plate.

Note that the injection point and baffle plate are located only five feet
ahead of the measurement location in the test section. Thus, seed must be
very dry when produced, or dried outside the wind tunnel, because after
injection there is minimal drying time.

C.3.2 Spray Systems Nozzles

Previous work was done by Chesnakas (1995) using PSL spheres as the seed
material in the Virginia Tech Stability Wind Tunnel. The seeding system
employs two Spray Systems Inc. air atomizing nozzles to produce a fine mist
of PSL solution. Figure C.5 is a schematic of the system employed. A com-
pressed air line is split, so that one line goes to pressurize the tank containing
the seed solution, and the other line goes to the nozzles. Pressurized liquid
leaves the tank through another hose. The air and liquid feed lines go to the
nozzle assembly (Figure C.6), which consists of the two nozzles, and three
valves to turn air and liquid flows on and off.

One of the keys to successful PSL seeding is correct droplet size. The
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Figure C.6: Spray Systems nozzle assembly, mounted inside large plenum
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droplet must be large enough to contain one PSL sphere, but not so large that
it contains multiple particles or that the liquid doesn't evaporate quickly. In
the case of this system, droplet size is controlled by the ratio of the pressures
in the liquid and air lines. The greater the air pressure relative to the liquid
pressure, the dryer the aerosol, and, conversely, the closer the pressures get
to each other, the droplet size is larger and the aerosol becomes very wet.

The tests done were conducted by placing the nozzle assembly into a small
settling chamber, with the nozzle pointed upwards. This plenum measures
51 cm in height, 76 cm in length and 41 cm in width. Aerosol would then exit
through the six tubes in the top of the chamber and into the wind tunnel as
discussed in the previous section. A connection was installed in the side of
the settling chamber for a second compressed air line, providing diluting air
to the chamber. This served to increase the settling chamber's static pressure
and increase the flowrate into the tunnel.

Previously, internal mix nozzles were employed on the nozzle apparatus.
Due to the nature of these nozzles, the maximum pressure difference that
could be maintained between the air and liquid lines was approximately 10
psi. This difference was not sufficient, and the vast majority of the seed
material impacted on the top and sides, and proceeded to pool in the bottom
of the settling chamber.

The air cap was replaced to put the nozzles into an external mix con-
figuration. Liquid and air pressures are able to be adjusted independently
with external mix nozzles, allowing more freedom to create a larger pressure
difference. Though this resulted in an improvement in the aerosol quality,
the majority of the seed droplets still impacted in the settling chamber. A
second, larger settling chamber (Figure C.7) was designed in order to pro-
vide a larger drying distance before the PSLs enter the wind tunnel. In this
larger settling chamber, the nozzles were oriented parallel to the ground, so
the seed aerosol travels down what is essentially a 1.83 m duct before making
a 90 degree turn into the tubes that enter the tunnel. A co-flowing air line
injected air in the same direction as the spray nozzles.

Though the air and liquid lines were adjusted through a wide range of
pressures, little success was had with this arrangement. Though a fine, dense
aerosol could be produced, visual inspection revealed that the droplets were
purely liquid that quickly evaporated, and contained no PSLs to leave behind.
Pressure ratios that produced a wetter aerosol consisted mainly of larger
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droplets that impacted on the walls and ceiling of the chamber, or were too
heavy to travel the length of the duct and sank to the floor. These effects
were evidenced by the large amounts of PSL material deposited on the inside
of the settling chamber, despite the fact that very little seed material was
leaving the tubes at the end of the chamber to enter the tunnel.

In this, and other systems to be discussed, the diluting liquid for the PSL
solution was either ethanol or a 50/50 ethanol and water mix. Chang and
Okuyama (2002) suggested that this second mixture is a faster-evaporating
solution, but no significant improvement was noticed with this nozzle as-
sembly. In another attempt to facilitate evaporation, heating tapes were
wrapped around the liquid and co-flowing air lines before they entered the
settling chamber. This produced no noticeable effect.

C.3.3 Six-Jet Atomizer

In an attempt to produce a dry PSL aerosol, a TSI, Inc. Model 9306 Six-
Jet Atomizer was tested. The atomizer is a relatively simple and convenient
instrument to use. The unit is a container that serves both as a reservoir for
the liquid and encloses the six jet apparatus. There is an outlet tube on the
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Figure C.8: TSI Six-Jet Atomizer drawing. Ref. TSI (2003).

top for the seed aerosol. Figure C.8 is a schematic of the unit and one of its
jets. Compressed air creates a jet as it passes through a 0.381 mm orifice.
This jet draws liquid up the tube which extends into the liquid reservoir
below the jet assembly. At the top of this tube, the liquid is sheared off
into droplets which exit the nozzle. A spherical impactor placed 0.254 mm
from the exit of the nozzle serves to block any large droplets, leaving only
an aerosol consisting of smaller, quick-drying particles. The aerosol exits
through a outlet on the top of the unit.

Various adjustments can be made to control the nature of the seed aerosol
output. Pressurized air can be varied between approximately 20 and 50
psi. Over this range, the most dense seed was produced at lower pressures,
between 25 and 30 psi. Co-flowing air can be introduced in the outlet to
dilute the aerosol and increase the flowrate. This was not used since flowrate
out of the atomizer was not important; flowrate out of the seeding chamber
in which the atomizer was to be contained was of more importance, and this
could be controlled with the diluting air already installed on these chambers.
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The final variable was the mixture of the seed solution. Tests were first run
with a mixture with the same particle loading used by Chesnakas (1995), but
this solution was found to be much too dilute. Various other mixtures were
tried, ranging all the way to undiluted PSL solution. Both undiluted PSL
solution and a 50/50 mix of PSL solution and ethanol produced seed clouds
of acceptable density.

With these high particle loadings, one problem encountered was that the
nozzles tended to clog. More than likely, this was caused by a buildup of dried
PSL spheres collecting between the spherical impactors and the nozzles. A
more diluted PSL solution that still produced acceptable seed cloud density
would have solved this problem. For reasons which will follow, work with the
Six-Jet Atomizer was abandoned before this ideal mixture was found.

The TSI Six-Jet Atomizer successfully produced a dry seed cloud that
minimized impaction on the walls and ceiling of the plenum chamber, and
the advertised flowrate of 6.5 liters per minute was achieved, according to
approximate measurements. When injected into the tunnel, the seed particles
made the laser beams visible; however, the beams were faint even when the
unit was in peak operation. Clearly, a higher volume of seed was required,
the solution to which would be the purchase or construction of an additional
six-jet unit. This was prevented by exorbitant price in the former case, and
difficulty of manufacturing in the latter. The important lesson learned from
the testing of this device was that the impactor was a critical component
to preventing large droplets from exiting the atomizer and producing a fast-
drying seed aerosol.

C.3.4 Laskin Nozzle

The Laskin nozzle aerosol generator that is used in dioctyl phthalate (DOP)
seed generation was tested with PSL solution. The aerosol generator was
tested with a variety of compressed air pressures, PSL liquid mixtures, and
number of operational nozzles, but little success was had. Though the exit
flowrate was high, the aerosol consisted mainly of purely liquid droplets that
evaporated quickly, leaving behind no noticeable PSL seed cloud. It is un-
known what the average ethanol or ethanol/water droplet size was, but the
average DOP droplet produced is 0.7 pm in diameter. Hence, the droplet
formed may not be large enough to contain a PSL sphere. A solution of 2.0
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pm spheres was replaced by a solution of 1.11 pm spheres, but no noticeable
difference resulted. A drop of liquid soap was added to the PSL solution to
see if changes in surface tension produced any effect, but the only outcome
was a frothing of the PSL liquid solution and a froth/liquid mix exiting the
aerosol outlet.

The Laskin nozzle used in this study is designed for use with DOP, so
it is thought that PSL particle size, and the properties (such as surface
tension) of the ethanol and/or water prevented it from working properly
for PSL atomization. The lack of favorable results in testing of the Laskin
nozzle seeder, along with information from Mazumder et al. (1975) showing
superior performance of ultrasonic nozzles led to the investigation of other
aerosol production options.

C.3.5 Ultrasonic Nozzles

As an alternative to the Spray Systems nozzles discussed above, which were
never able to produce fine enough droplets for this application, the use
of ultrasonic nozzles was investigated. Ultrasonic nozzles generate a high-
frequency sonic field when compressed air is accelerated into a hollow res-
onator chamber (Figure C.9). A stream of liquid (PSL solution in this case)
is introduced into the resonator chamber, where the sound waves atomize
the liquid into a fine mist.

The droplet diameter for the nozzles considered (Sonimist 700 series) is on
the order of 10-25 pm in diameter (Gajnos; Mis, 2002), based on tests done
with water. This size can be varied by changing the frequency of the sound
waves, the spacing between the resonator chamber and the air orifice, and
varying the ratio of gas to liquid flow. The nozzles can atomize about 40 to
375 ml/min of liquid. A representative seed solution of half ethanol and half
PSL solution has a concentration, C,,,,,, of 2.4e10 particles/mL. Choosing a
conservative liquid flowrate, Qjiq, of 200 ml/min, a nozzle produces,

r = CsolnQliq = 4.8e12 particle/mrin (C.6)

Thus, these calculations predict that two ultrasonic nozzles could produce
a sufficient amount of seeding for this application. Implementation would be
relatively easy, in that these nozzles could replace the Spray Systems nozzles
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Figure C.9: Schematic of ultrasonic nozzle. Ref. Mis (2002)

in the apparatus previously described. Injection into the tunnel remains a
problem, and the most likely solution being that the nozzles would need
to be installed inside the plenum of the wind tunnel. This arrangement
would have the added inconvenience necessitating occasional cleaning, being
that this location is upstream of the turbulence screens and honeycomb. A
similar setup using an array of airbrushes was used successfully by Seegmiller
(1985) in an open jet tunnel with comparable test section size and flow speed,
though the rate of seed production is not documented. In the present study,
the option of ultrasonic nozzles was never fully investigated because of the
excessive cost of the nozzles (approximately $1600 each) and the amount of
undiluted seed solution that would be consumed (about 3 gallons for every
hour used).

C.3.6 Medical Nebulizers

Medical nebulizers produce a fine aerosol that requires very little drying,
making them an ideal choice for this application. Nebulizers have been
used previously to produce PSL aerosols, but usually in applications that
require much lower amounts of seed particles (Adams et al., 1985; Chang
and Okuyama, 2002). Though the aerosol quality is very good, a single
nebulizer has a low output flowrate. This required the development of an
apparatus that could continuously operate multiple nebulizers.
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In this investigation, Invacare Sidestream nebulizers (pictured in Figure
C. 10) were used; they were chosen because they nebulized a given volume of
liquid faster as compared to ten other commercially available units that were
tested. The nebulizers operate by drawing liquid up from the reservoir to the
nozzle by the pressure drop caused by a jet of compressed air. The aerosolized
liquid impacts on a baffle plate, eliminating large droplets. The aerosol then
exits through a orifice at the top of the unit. The output flowrate versus
supply air pressure of the Sidestream nebulizer was characterized with a
pitot probe and is plotted in Figure C. 11. Volumetric nebulization rate versus
supply pressure is plotted in Figure C.12. Based on these tests, an expected
seed density in the tunnel can be calculated, using the representative seed
solution mentioned in the previous section (half ethanol and half PSL solution
with a concentration, C,,,,, of 2.4e10 particles/mL). At 40 PSI, the flowrate
out of the nebulizer is 23.8 Lpm, and the nebulization rate, Qnb, is 0.75
mL/min. The flowrate of the boundary layer in the wind tunnel,QBL, is 12.7
m3/min.

rneb = QnebCsoLn = 1.80e10 particle/min

CBL,1 = rneb/QBL = 1.42e9 particles/mr3  (C.7)

= 1.42e3 particles/cc

(C.8)

Where CBL,1 is the concentration of the particles in the boundary layer due
to one nebulizer.

To operate multiple nebulizers simultaneously, an apparatus was designed
which arranged multiple nebulizers in a platform that would then float in a
reservoir of PSL solution. First, ten nebulizers were modified by drilling
liquid "feed holes" into their reservoirs. The nebulizers are fixed securely
in a thin, circular metal plate, which is then attached to a 1.25 cm-thick
foam disc that has holes into which the nebulizers fit, forming a float (Figure
C.13). When placed into a basin, this float holds the nebulizers such that
their reservoirs and liquid feed holes are submerged, while the aerosol output
tubes are still above the liquid level. The basin used is a 23-quart pressure
canner which is filled to some level with the PSL seed solution. The canner
has a lid with a gasket which creates an airtight seal. The compressed supply
air enters the canner through a connection in this lid (Figure C. 14). Mounted
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Figure C.11: Supply pressure vs. nebulizer output flowrate. Based on pitot
probe measurements at mouth of nebulizer.

on the underside of the lid is a manifold which distributes the compressed
air into the ten tubes that in turn pass through a hole in the center of the
float and connect to the nebulizers. Also mounted in the lid is a connection
for a water hose through which the aerosol exits and a second air connection
to provide diluting air if it is required.

This apparatus was tested by connecting its output via a manifold to three
of the central inlet holes under the baffle plate. The mixture used was equal
parts of ethanol and PSL solution (1.11 pm diameter, approximately 6e10
particle/mL). The PSL seeder was run at a variety of supply and co-flowing
air pressures.

A 3-component LDV system was used to characterize the particle loading
in the wind tunnel. The 55 pm diameter measurement area was placed 545
pm from the wall, corresponding to a mean streamwise velocity component
of 13.8 m/s. The data rate for one component of the LDV system was 40-50
bursts/s, while the 3 component coincident data rate was 10-15 bursts/s.
These values did not vary appreciably with changes in supply or diluting air
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Figure C. 13: Nebulizer float. Left - Side view. Right - Top view.
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pressure. Assuming a measurement volume diameter of 55 prm,

QMV = AMy" U = 0.038cm 3 /S (C.9)

Where A is the cross sectional area of the measurement volume, U is the
streamwise velocity component (perpendicular to A), and QMV is the flowrate
through the measurement volume.

Using both the one component and three component coincident data
rates, seed concentration are calculated,

Clcomp = 45 particles/s/QMv = 1.18e3 particles/cc

Ccý.ýid,,t ---= 10 particles/s/QMv = 0.31e3 particles/cc (C.10)

(C.11)

This calculation assumes that all particles present in the measurement
volume cause a validated burst, so the actual concentration is slightly higher
than these estimates. But even the most optimistic interpretation of these
values falls far short of the prediction above (CBL,Il 10 = 1.42e4 particles/cc).
This difference is probably due in part to the some seed particles settling out
of the liquid solution or impaction of seed particles in the canner, tubing and
baffle plate. The former is probably more significant, since at such high PSL
solution concentrations, a thick layer of solid tends to form on the bottom of
the canner.

It was observed with the nebulizers as well as with the six-jet atomizer
that high particle concentrations tend to clog the nozzles. This effect was
also noted by Meyers (1991). The high particle concentration solutions used
in an attempt to meet the high seeding requirements may not be feasible
with nozzles that have very small openings or impactors very near the nozzle
exit, producing another upper limit on the amount of PSL seed that can be
produced.

C.4 DOP Seeding with a Vap/Con Aerosol
Generator

In order to yield better comprehensive LDV data, a monodisperse seed aerosol
is necessary. The di-octyl phthalate (DOP) generator produces a polydisperse
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Figure C. 15: Vap/con Generator Schematic and Photograph. Note that
insulation is not present on heat tapes.

aerosol, so a vaporization/condensation (vap/con) aerosol generator is uti-
lized to produce more consistently-sized seed particles. Small seed particles
appear as noise, and large particles don't follow the flow well, so elimination
of these particles improves the LDV data taken in the seeded wind tunnel
flow.

The vap/con generator is based on a design originally by Liu et al. (1966).
The current design, adapted from that of Yanta (1974), is pictured in Figure
C. 15. The vap/con generator vaporizes the DOP aerosol as it passes through
heated tubes. The DOP then recondenses on condensation nuclei, or non-
volatile impurities. The recondensed particles have a much more homogenous
sizing than in the original aerosol.

The concept of generation of monodisperse aerosols by condensation was

177



first described by LaMer and Sinclair (1943). The Sinclair-LaMer apparatus,
as well as later, improved designs (Muir, 1965), had several disadvantages,
including poor reproducibility and a long time to reach steady state operating
condition. The Rapaport-Weinstock generator (Fuchs and Sutugin, 1966),
from which the apparatus described here is derived, solved these problems.
This type of aerosol generator has very reproducible results. Since one liquid
drop is formed per condensation nuclei, particle size is a function of the
ratio of aerosol material to impurities. Since this ratio is relatively constant,
so is the resulting size of the droplets produced by the vap/con generator
(Liu et al., 1966). This type of generator reaches operating conditions on
the order of 10 minutes, rather than hours. Temperature does not have to
be held rigorously constant, as in the Sinclair-LaMer generator, since after
evaporation of the primary droplets is achieved, the vapor concentration is
independent of temperature (Fuchs and Sutugin, 1966).

C.4.1 Design Details

The main structure consists of 4 stainless steel tubes 1.52 m in length with
an outer diameter of 5.08 cm and a wall thickness of 0.165 cm. They are
connected at top and bottom by aluminum manifolds measuring 5.08 cm
thick and 20.3 by 20.3 cm. These manifolds also double as heat sinks as
the apparatus heats up. The incoming aerosol is divided into the four steel
tubes by copper tubes that enter the upper manifold through standard pipe
fittings (Baker, 1986).

Four HTS/Amptek heavy insulated heating tapes are the heat sources to
vaporize the DOP. The tapes are fiberglass insulated and are 183 cm long by
2.54 cm wide. At their maximum voltage of 120V, they supply 624 W each
to the aluminum tubes. The Amox insulation on the tapes can withstand
temperatures up to 760 0C. The heat tapes are wrapped around the steel
tubes starting approximately 30.5 cm below the upper manifold and cover
approximately 30.5 cm of the length of the steel tubes. The heating tapes
are in turn wrapped in two layers of fiberglass insulation, which, at peak
operation, increases the temperature on the tubes by about 93 'C. The four
heating tapes are plugged into two power strips with a maximum current
of 15 A and a rated input voltage of 120 V. The power strips are powered
by two variable transformers with a maximum output voltage of 140 V. The
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variable transformers can withstand a maximum of 10 A, and the heating

tapes draw 5.2 A at their maximum voltage of 120 V. Thus, with two heating
strips in each variable transformer, care must be taken to not exceed their
10 A limit.

The boiling point of DOP is 231 0C, so the challenge of this system is
finding a voltage level that provides a sufficient level of heat to vaporize all

the DOP at a given flow rate of the air/seed mixture. This flow rate is
determined by the amount of seed necessary for wind tunnel measurements.
Obviously the tapes will have to be set at a considerably higher temperature
than 231 'C in order to heat the entire flow through the tubes. Estimates for
this temperature range from 288 'C to 427 0C (Baker, 1986). On the other

hand, too high of a heating tape temperature may result in an increased
degree of superheat of the DOP, which would destroy the homogeneity of the
particle size (Liu et al., 1966).

To err on the side of caution, the DOP generator is operated at the high
end of the suggested temperature range, to help ensure all DOP is vaporized.

The DOP generator is run at 18 psi, and the heating tapes achieve 427 to
432 'C at about 100 V. Temperature is measured by placing a thermocouple
probe between the heating tape and the tube.

C.4.2 Results

Figure C. 16 is a representative time series of the LDV signal with and with-

out the vap/con operating. Visual inspection yields qualitative evidence that
the signal has improved. The bursts due to particles in the measurement vol-
ume appear more regularly sized when the vap/con is employed, indicating
increased homogeneity. Noise due to small particles also appears to be de-
creased. Validation of bursts also improves with the vap/con; out of 100,000
bursts, 49,234 were validated with the vap/con, versus only 37,007 without
it. This represents a 33 percent improvement.

These improved results were confirmed more rigorously with a TSI Aero-
dynamic Particle Sizer (APS) spectrometer. The aerosol produced by the
Laskin nozzle system with the vap/con has a geometric standard deviation

of approximately 22% (geometric standard deviation quantifies the variation
of particle sizes). At the same operating conditions, but with the vap/con sys-
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Figure C.16: Left - LDV signal without vap/con. Right - Signal with
vap/con. Note more regularly sized bursts, and fewer smaller, noisy bursts.

tem operating, the geometric standard deviation is reduced to about 11%. In
addition, the system with the yap/con has 55% fewer small, noise-producing
particles than the system without the yap/con. The amount of seed produced
is not affected by the presence of the vap/con, and is sufficient to yield an
excellent LDV data rate. These results show a very significant improvement
in the seeding system due to the presence of the vap/con aerosol generator.

C.5 Conclusions

Attempts to seed the Virginia Tech Small Boundary Layer Wind Tunnel with
PSL spheres were met with limited success. Low amounts of seed were pro-
duced and injected into the tunnel, but not in sufficient quantity to meet the
high particle requirements of the Comprehensive Laser Doppler Velocimeter.

Lack of success was a result of the specific requirements of this wind
tunnel. In order to prevent clogging the turbulence screens, the PSLs were
injected through a baffle plate in the contraction section just upstream from
the test section. Because of the short drying distance for the seed aerosol, it
was required that a very dry seed was produced. Unfortunately, the methods
which accomplish this (six-jet atomizer, medical nebulizer) have a low output
flow rate. In the case of the medical nebulizers, this problem was attempted
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to be overcome by increasing the number of units as well as the concentration
of the solution. However, even at reasonable upper limits of the number of
units operating, not enough seed would be produced, and increasing particle
concentration only promotes agglomeration of the particles and clogging of
the nozzles.

For research connected with the CompLDV, it was determined that a
degree of increase in the monodispersity of the DOP particles, provided by a
Vaporization/Condensation Aerosol Generator (described separately), along
with signal processing improvements, would be sufficient. Amount of seed
has been determined to be the critical factor in four particle data, even at
the sacrifice of seed quality; no system, as of yet, seems to be able to match
the aerosol production of the Laskin nozzle generator with DOP.

PSL seeding remains a viable option for certain applications where seed
quality is more important than quantity. The medical nebulizer apparatus
could be successfully employed and produce a moderate amount of seed,
especially with multiple units; three units identical to that described above
(a total of thirty nebulizers) could be attached under the baffle plate.

For higher seed production, the option of ultrasonic nozzles could still be
fully investigated, if the need warranted the cost. They have the potential
to produce a large volume of seed with very small (therefore fast-drying)
droplets. Due to the large amount of PSL solution the nozzles may consume,
it would be recommended that in-house production of PSLs be investigated.
They can be produced for less than $1 per liter with some basic equipment
(Nichols, 1987). In the case of the Small Boundary Layer Tunnel, these
nozzles would probably have to be placed in the plenum section, and mod-
ifications to the tunnel would have to be made for access to the turbulence
screens for cleaning purposes.
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